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ABSTRACT 
 
 
 Over the past decade, interdisciplinary researchers from biology, chemi-
stry, and engineering have put much effort into the development of tiny, portable 
chips suitable for the rapid and early detection of pathogens, infectious diseases, 
or biological weapons in a sample of a person’s blood.  These microchips could 
bring the capabilities of an entire medical laboratory to the places they are most 
desirable ‒ the developing world, the battlefield, and the home ‒ and where they 
could quickly detect Escherichia coli, anthrax, or the Human Immunodeficiency 
Virus. 
 This dissertation describes the integration of optoelectronics and micro-
fluidics, the combination of which is known as optofluidics, for the creation of 
powerful chemical and biomedical diagnostic microchips.  The design and fabri-
cation of system components such as vertical-cavity surface-emitting lasers, pho-
todetectors, and fluorescence filters are explored, and their integrations into a 
compact optofluidic microchip are presented.  Fluorescence measurements as a 
means to characterize the performance of the proposed optofluidic microchip are 
carried out.  Challenges such as high-efficiency excitation and minimization of 
optical and electrical cross-talk, as well as issues about sealing and isolation be-
tween fluidic and optoelectronic components are addressed, and solutions are pre-
sented.  
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Learn from yesterday, live for today, hope for tomorrow.  The important thing is 
not to stop questioning. 
 – Albert Einstein 
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CHAPTER 1 
 
INTRODUCTION TO OPTOFLUIDIC MICROCHIPS 
 
 
The quest for high sensitivity, miniaturization, high portability, and low 
cost of diagnostic devices has been the major driving force for the development of 
micro-total-analysis-systems (µTASs).  The goal is to integrate the capabilities of 
entire medical laboratories onto a single microchip, hence the expression “lab-on-
a-chip.”  The integration of microfluidic components such as channels, pumps, 
particulate filters, and mixers combined with chemical processing and analysis 
tools such as capillary electrophoresis, polymerase chain reaction (PCR), and flu-
orescence-based deoxyribonucleic acid (DNA) hybridization enables the realiza-
tion of miniaturized detection platforms.  Such µTASs promise reduced cost 
through minimized reagent and sample consumption and increased speed and par-
allelism for high throughput analysis [1].  The small size of these microchips al-
lows for high portability and immediate point-of-care services where they are 
needed the most ‒ the developing world, the battle field, or the consumer’s home 
‒ and could facilitate the detection of common diseases, pathogens, and early-
stage cancer [2].  Typically, detection takes place on a “chip” roughly one centi-
meter wide and a few centimeters long ‒ about the size of a postage stamp.  How-
ever, despite the large number of integrated functionalities, these microsystems 
currently need to be interfaced with external macro-scale equipment to operate 
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properly.  One of the primary remaining hurdles for true integration and miniatu-
rization of microfluidics is the need for a suitable driving source to controllably 
force fluids through microchannels on the chip-level.  Compressed air for pneu-
matic pumps and valves requires bulky plumbing [3].  Electrically induced 
movement of the fluids typically requires high-voltage power supplies [4].  Minia-
turized systems could use a low-pressure carbon dioxide cartridge about the size 
of a finger, as well as off-chip electronics, to distribute fluids through various 
valves.  Another approach is the development of alternating current (AC) elec-
troosmotic micropumps where a potential of a few volts across multiple elec-
trodes with irregularities in shape, spacing, or coatings is sufficient to cause fluids 
to preferably flow in one direction [5].  However, despite great effort from many 
research groups around the world [6]-[9], truly integrated micropumps capable of 
manipulating diverse fluids with varying viscosity, density, ion strength, pH, tem-
perature, surfactants, or other important properties have not yet been realized on-
chip. 
Another significant challenge in making labs-on-a-chip is replacing the 
bulky external equipment that is typically required for fluorescence sensing.  Flu-
orescence sensing remains one of the most widely used techniques in µTASs due 
to its superior specificity and sensitivity.  Unfortunately, traditional fluorescence 
sensing systems require bulky external elements.  As excitation source, arc lamps 
or large diode lasers are typically used.  For light gathering, microscope objec-
tives and lenses are required; and for filtering and detection of fluorescence sig-
nals, external fluorescence filters, photomultiplier tubes (PMTs), and cooled 
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charge-coupled device (CCD) cameras are employed.  The compact integration of 
fluorescence sensing elements with microfluidics to form an optofluidic micro-
chip is required to reduce manufacturing costs, increase portability, and make opt-
ical µTASs suitable for mass production. 
 
1.1  Background and Motivation 
Fluorescence sensing is considered one of the most powerful techniques of 
molecular biology.  Fluorescence dyes emitting in the visible spectrum have been 
used in clinical studies for decades, and in recent years near-infrared fluorophores 
and quantum dots with high quantum efficiency and good biocompatibility have 
been exploited [10]-[13].  As a result, fluorescence sensing with its ultimate sensi-
tivity of single molecule detection capability is the “gold standard” in the fields of 
biomolecular and chemical sensing. 
Fluorescence spectroscopy is used for a large variety of measurements, 
ranging from the simple detection of a species in a solution to analysis of complex 
biological processes such as enzyme kinetics [14].  The roots of fluorescence 
sensing date back to the late 1960s, when Herzenberg et al. introduced a fluores-
cence-based cell sorter [15], which enabled the separation of living cells from 
dead ones using fluorophores as optical markers [16].  In the 1970s, with the de-
velopment of more sophisticated detection equipment, Hirschfeld and colleagues 
demonstrated the capability of single molecule detection, with the imaging of a 
single antibody labeled with 100 fluorophores using a fluorescence microscope 
[17].  In the early 1980s, another milestone was reached when Keller et al. dem-
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onstrated the detection of a biomolecule labeled with a single fluorophore [18].  
Today, fluorescence spectroscopy is ubiquitous in biomedical and biochemical 
analysis. 
The basic principle of absorption and emission for a generic fluorophore 
and its intensity profile as a function of wavelength is shown in Fig. 1.1.  The dif-
ference between the absorption maximum at λabs and the emission maximum at 
λem of the fluorophore is called the Stokes shift.  Depending on the fluorophore, 
Stokes shifts can be as small as 10 nm (e.g. Amplex UltraRed) or as large as 150 
nm (e.g. Fura-2).  Typically, a larger Stokes shift is desirable because it facilitates 
 
 
Figure 1.1:  Typical absorption and emission spectrum of a fluorescence dye.  The wave-
length filter rejects the excitation light and transmits the emitted fluorescence light.  If ex-
cited at an off-peak (λoff) wavelength, the fluorescence emission intensity is reduced. 
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the filtering of excitation light from the Stokes-shifted fluorescence light.  If the 
fluorophore is excited at an off-peak wavelength, λoff, the emission spectrum of 
the dye remains unchanged but will have a lower intensity than if it is excited at 
the absorption peak, λabs [19].  The number of absorbed photons by the fluoro-
phore is typically much greater than the number of emitted photons, which reveals 
the existence of non-radiative pathways for the decay of the fluorophore from its 
excited state.  The ratio of emitted-to-absorbed photons is called the quantum 
yield of the fluorophore.  High-efficiency fluorophores typically have quantum 
yields in the range of 30% to 50% [19], [20]. 
The fluorescence signal can be observed by using a fluorescence micro-
scope or can be converted to an electrical signal by using a fluorescence spectro-
meter.  In the case of near-infrared (NIR) fluorescent dyes, CCD cameras paired 
with a fluorescence microscope or a fluorescence spectrometer need to be used, 
since NIR fluorophores are invisible to the human eye.  A fluorescence spectro-
meter is typically comprised of a monochromatic excitation source (e.g. a laser), a 
wavelength filter, and a detector [19].  The wavelength filter used is typically a 
longpass filter that discriminates between photons from the excitation source 
(shorter wavelength) and Stokes-shifted photons from the fluorophore emission 
(longer wavelength) by significantly reducing the excitation light intensity that 
passes through the filter while allowing as much of the weak fluorescence signal 
as possible to pass.  The performance of such a filter is critical, since the excita-
tion light is typically orders of magnitude brighter (in some cases more than six 
orders of magnitude) than the fluorescence signal.  Even if the excitation source is 
6 
pointed away from the fluorescence detector, the intensity of backscattered excita-
tion light is strong enough to overwhelm the weak fluorescence signal and make 
high resolution sensing impossible.  Such a fluorescence wavelength filter is 
called a dichroic filter.  An ideal dichroic filter completely blocks one range of 
wavelengths while transmitting other wavelengths with nearly zero attenuation 
(see dashed line in Fig. 1.1). 
There are five main parameters used to characterize dichroic filters:  rejec-
tion levels in the stopband (the wavelength range that is blocked); transmission 
levels in the passband (the wavelength range that is transmitted); absorption edge 
and absorption edge width, the location and sharpness separating them, respec-
tively; and angular acceptance aperture, the angular range of oblique incident light 
that still allows for sufficient blocking.  The first two metrics determine the ab-
sorbance, which is commonly referred to as the optical density (OD) of a filter, 
which is defined by 
 
𝑂𝐷 = −𝑙𝑜𝑔10(𝐼𝑡 𝐼𝑜⁄ )                                            (1.1) 
 
where It is the transmitted light intensity and Io the incident light intensity before 
entering the filter.  Absorption edge and absorption edge width are typically given 
in nanometers.  Angular acceptance aperture, described by the half-angle meas-
ured from normal incidence, is typically given in degrees. 
Ideally, one would want a filter that transmits 0% of the excitation light 
(optical density of ∞) and 100% of the fluorescence emission (optical density 
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of  0), with a perfectly vertical absorption edge located to the right of λex and to 
the left of the entire emission spectrum, while having an angular acceptance aper-
ture of 90º.  In reality, these values are unattainable, and the transition between 
stop- and passband occurs over a range of wavelengths (the absorption edge 
width).  An absorption edge width less than 10 nm and an angular acceptance 
aperture of 45º with an optical density greater than 6 are excellent values for a 
commercial bulk edge filter.  The main criteria to be fulfilled is that the absorp-
tion edge width should be smaller or at least similar in magnitude to the Stokes 
shift of the fluorophore, as in Fig. 1.1.  Otherwise, the fluorophore cannot be ex-
cited close to its absorption peak or a significant portion of the emitted fluores-
cence light cannot be collected [21], both of which can limit sensitivity. 
In order to design a miniaturized fluorescence spectrometer suitable for in-
tegration into a µTAS, a low-noise, high-power laser source with narrow line 
width and a low dark current photodetector with high collection efficiency have to 
be integrated in conjunction with a high-performance dichroic filter.  In this dis-
sertation, the design, fabrication, and characterization of such a microsystem will 
be described and solutions to challenges observed along the way are presented. 
 
1.2  Previous Work 
For the past two decades, researchers have devoted much effort towards 
the development of powerful multifunctional lab-on-a-chip systems.  Today’s 
µTASs are already capable of performing complex chemical and biological expe-
riments.  These microsystems have been demonstrated for numerous applications, 
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ranging from immunoassays [22], [23], to on-chip nucleic acid analysis [1], [24]-
[26], protein dynamics analysis [27], and biomolecular interaction analysis [28].  
Moreover, some state-of-the-art µTASs incorporate automated steps such as sam-
ple preparation, handling, separation, and mixing [1], [24], [29].  Many of these 
lab-on-a-chip systems utilize optical detection schemes due to their high sensitivi-
ty, high throughput, non-invasive sensing, and real-time analysis capabilities.  Fa-
cilitated by optical sensing techniques, pharmaceutical companies are now able to 
speed the development of new drugs due to more accurate diagnostics and a better 
understanding of biological mechanisms [30]. 
Several groups have realized optofluidic microchips by integrating light-
emitting diodes (LEDs) and silicon photodetectors with flow channels [21], [31].  
Most of these approaches utilize external lasers or integrate a few millimeter-
sized LEDs as the excitation source.  However, many applications require a high-
ly monochromatic light source with high beam quality and narrow line width.  
Vertical-cavity surface-emitting lasers (VCSELs) are promising candidates for a 
monochromatic light source, because they are suitable for compact integration in-
to optofluidic microsystems.  VCSELs are excellent light sources for optofluidic 
applications due to their low power consumption, high-quality optical beam, sui-
tability for integration in dense 2-dimensional arrays, low cost, and possibility for 
high-volume manufacturing.  VCSELs have previously been used for integration 
with microfluidic channels to enable ultra-sensitive detection of fluids, cells, and 
particles [32]-[36].  Furthermore, successful integration of VCSELs into micro-
systems for bio-fluorescence sensing has also been reported [37, 38].  However, 
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intimate hybrid integration of VCSELs, detectors, and filters with a microfluidic 
flow channel has not yet been realized. 
1.3  Scope of the Dissertation 
The scope of this dissertation is the design, fabrication, and characteriza-
tion of optofluidic microchip components, such as VCSELs, photodetectors, fluo-
rescence filters, and microfluidic channels, and their integration into a silicon host 
platform to form a compact optofluidic microchip.  A schematic of such an optof-
luidic microchip is given in Fig 1.2.  Optimization of system components and cha-
racterization results of the optofluidic microchip using various fluorescent dyes 
are also presented in this dissertation. 
 
 
Fig. 1.2:  Schematic of optofluidic microchip showing the intimate integration of a VCSEL 
with a microfluidic polydimethylsiloxane (PDMS) channel. 
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Chapter 2 discusses the design and fabrication of optofluidic microchip 
components.  It starts with the design and fabrication of novel VCSEL structures 
yielding single-mode emission, stable low-divergence optical output beam, and 
ultra-low power consumption.  Noise from the laser source, induced by modal 
competition (mode hopping) and random polarization switching, can reduce the 
microsystem’s overall signal-to-noise ratio (SNR) and thus limit its sensitivity.  
Single-mode photonic crystal (PhC) VCSELs can minimize these effects and, as a 
result, increase sensitivity.  The drawback of single-mode VCSELs is their low 
maximum achievable output power, typically on the order of a few milliwatts.  
For applications where larger output powers are desired, high-power multimode 
VCSELs can be used.  Therefore, we also design and fabricate high-power multi-
mode 780-nm VCSELs arranged in 2-dimensional arrays suitable for efficient ex-
citation of NIR fluorophores.  The development of high sensitivity, low dark cur-
rent p-type, intrinsic, n-type doped (PIN) GaAs photodetectors suitable for the de-
tection of weak fluorescence light is described next.  We evaluate the design con-
siderations for high collection efficiency of large area detectors that are capable of 
gathering more light, but which when chosen too large, might suffer from low 
bandwidth and high dark currents that limit their effectiveness.  Furthermore, we 
discuss multilayer interference filters and their monolithic integration with PIN 
GaAs photodetectors.  The design challenge here is the development of a fluores-
cence filter with high blocking density in the stopband, high transmission in the 
passband, and a steep transition edge between them, while keeping the total filter 
thickness to a minimum to allow for easier post-processing.  The fabrication of 
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polydimethylsiloxane microfluidic flow channels cast from SU-8 master molds is 
described.  Finally, the design and fabrication of silicon coupons, which serve as 
the system component integration platforms, are discussed in detail. 
Chapter 3 describes the device characterization of microchip components 
such as VCSEL arrays, photodetectors, and multilayer interference filters.  Elec-
trical and optical characteristics of 780-nm high-power VCSEL arrays, analysis of 
far-field beam properties, and a study of polarization behavior are presented.  
Next, GaAs PIN photodetectors are characterized and both responsivity and dark 
current measurements are obtained.  We also investigate the performance of a 
monolithically integrated fluorescent interference filter based on optical density, 
transition edge steepness, and transmission properties for different angles of inci-
dent light. 
In Chapter 4, various hybrid-integration schemes for the incorporation of 
VCSEL arrays, pigtailed laser diodes, photodetectors with fluorescence filters, 
and microfluidic channels into an optofluidic microsystem are reported.  The goal 
here is to integrate multiple functionalities into a single microchip with a small 
footprint.  The hybrid integration of different laser sources and detectors elimi-
nates the need for complex epitaxial structure and inherent trade-offs that are ap-
parent when monolithically integrating lasers and detectors.  For the fabrication of 
this optofluidic microchip, only standard epitaxial structures are used.  Further-
more, a hybrid-integration scheme allows system components to be optimized in-
dependently, and in the case of different laser sources, it can provide sensing ca-
pabilities at multiple wavelengths.  Hybrid integration can also minimize electric-
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al and optical cross-talk between system components resulting in improved over-
all performance.  For the microsystem presented here, all the optoelectronic ele-
ments are combined into one sensing substrate while keeping the fluidic elements 
as a separate detachable unit.  This allows reusing of the sensing platform and fa-
cilitates cleaning of the fluidic channels in case of contamination. 
Chapter 5 presents characterization results of the optofluidic microchips.  
Fluorescence emission and absorption from high-brightness NIR fluorescent dyes 
that are excited by various laser sources are measured by external equipment such 
as an optical spectrum analyzer or a CCD camera.  Moreover, characterization re-
sults using a pigtailed fiber laser as excitation source and integrated photodetec-
tors with bonded fluorescence filters are presented.  Issues of tight sealing be-
tween optoelectronic and fluidic components in addition to bubble forming in mi-
crofluidic channels are addressed, and solutions are discussed. 
Chapter 6 provides a summary of the dissertation research and presents an 
outlook for future work. 
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CHAPTER 2 
 
SYSTEM COMPONENT DESIGN AND FABRICATION 
 
 
This chapter discusses the design and fabrication of system components 
used in the integration with an optofluidic microchip:  single-mode PhC VCSELs, 
high-power VCSEL arrays, large area GaAs photodetectors, multilayer interfe-
rence filters, microfluidic flow channels, and the silicon host platforms. 
After briefly introducing conventional VCSELs, we describe the design 
and fabrication of 680-, 780-, 850-, and 980-nm PhC VCSELs with single-mode 
emission and a low-divergence, high-quality output beam.  PhC VCSELs, with 
their single-fundamental-mode operation, are well suited for the integration into 
low-noise, high sensitivity sensing applications in optofluidic microsystems.  
Noise induced by modal competition (mode hopping) and random polarization 
switching, commonly observed in multi-mode laser diodes, is suppressed, and, as 
a result, single-mode VCSELs have the potential to improve the signal-to-noise 
ratio of sensing.  Furthermore, the far-field characteristics of single-mode 
VCSELs, with their low beam divergence angle and Gaussian light intensity pro-
file, allow for efficient illumination of microchannels and can eliminate the need 
for external optical components such as microscope objectives or microlenses.  
The drawback of single-mode VCSELs is their limited maximum achievable out-
put power which is typically on the order of a few milliwatts.  When larger output 
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power is desired, high-power multi-mode VCSELs are of interest.  For this reason, 
we discuss the design and fabrication of large-aperture, high-power, multi-mode 
oxide VCSELs, arranged in densely packed 2-dimensional arrays.  These arrays 
are suitable for the excitation of fluorophores in in vitro and in vivo studies, where 
high absorption or scattering can be an issue. 
Other important system components are high-sensitivity, low dark current 
photodetectors.  In this study, we focus on PIN GaAs photodetectors where the 
relatively large band gap of GaAs (1.43 eV) results in decreased dark current and 
thus reduced intrinsic noise compared to silicon-based photodetectors with a band 
gap (1.11 eV).  In order to find a detector design that yields high collection effi-
ciency along with sufficiently low dark current, a parametric study of different de-
tector sizes and designs is performed. 
Additionally, we discuss the design of multilayer interference filters to be 
used in conjunction with PIN GaAs photodetectors.  High blocking density in the 
stopband, high transmission in the passband, and a sharp transition edge between 
them are the main criteria for a high-performance interference filter.  In order to 
increase the filter’s angular acceptance aperture, a large number of high and low 
refractive index dielectric layers is required.  Unfortunately, interference filters 
with many dielectric layers, resulting in a thick dielectric coating (>15 µm), are 
very costly to fabricate and are difficult to integrate or introduce in post-
processing steps.  Post-processing, however, such as patterning of the dielectric 
coating, is often necessary to expose metal contact pads to electrically contact the 
photodetector. 
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The fabrication of PDMS flow channels cast from a SU-8 master is also 
described.  The challenge here is to create a tall SU-8 master mold (>250 µm) 
with steep sidewalls and good uniformity across the wafer.  PDMS is poured over 
the master mold and peeled off after fully being cured.  High-purity PDMS with 
little absorption and low scattering must be used in order to minimize autofluores-
cence of the flow channels. 
The last section of this chapter discusses the design and fabrication of the 
silicon coupons that provide the substrate for the hybrid integration of VCSEL or 
photodetector dies into an optoelectronic sensing platform.  This reusable sensing 
platform can then be merged with various microfluidic channel layers to form a 
versatile and compact optofluidic microchip. 
 
2.1  Vertical-Cavity Surface-Emitting Lasers 
VCSELs are excellent light sources for a variety of optoelectronic applica-
tions due to their low power operation, high-quality optical output beam, inherent 
single-longitudinal-mode operation, low-cost and high-volume manufacture, and 
ability to be fabricated in large 2-dimensional arrays.  In particular, VCSELs have 
emerged as the optical source of choice for various sensing applications such as 
position sensing [1]-[3], chemical sensing [4]-[6], and biomedical sensing [7]-[9].  
A cross-sectional schematic of a conventional VCSEL is given in Fig. 2.1.  Its ba-
sic structure consists of two highly reflective, epitaxially grown distributed Bragg 
reflector (DBR) mirrors that are oppositely doped [10].  The two mirrors surround 
an intrinsically doped active region, containing multiple quantum wells, with a to-
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tal thickness of an integer multiple of λ (where λ is the emission wavelength in-
side the cavity), to form a high-finesse cavity.  The quantum wells can be electri-
cally pumped by injecting electrons and holes through the top and bottom contacts 
of the VCSEL.  Optical gain is provided by stimulated recombination of electron-
hole pairs, resulting in emission of coherent light that is identical in energy and 
phase.  When the optical gain equals all losses (mirror and intrinsic losses), thre-
shold is reached, and further injection of current results in laser emission perpen-
dicular to the wafer surface. 
 
 
Fig. 2.1:  Cross-sectional schematic of a conventional VCSEL. 
 
Due to the very short cavity length of VCSELs (typically 1 x λ) and the re-
sulting large longitudinal mode spacing, only a single-longitudinal mode will 
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overlap with the laser gain.  However, VCSELs tend to operate in multiple trans-
verse modes due to the large spatial confinement in the lateral direction (tens of 
micrometers).  Current and optical confinement in the transverse direction can be 
achieved through the use of oxide apertures [11]-[13], ion-implantation apertures 
[14], hybrid oxide-implant apertures [15], or by a narrow etched air post in early 
VCSEL designs [16]. 
A variety of methods have been explored to achieve single-transverse-
mode operation in VCSELs.  These methods include the incorporation of small-
diameter (<3 µm) oxide apertures [17], proton-implanted apertures [18], oxide-
implant hybrid structures [15], and surface relief etching [19], [20].  Small-
diameter oxide and proton-implanted apertures inherently result in laser operation 
at high current densities.  As a result, the reliability of these devices degrades with 
time due to heat and photon-mediated damage [21].  Additionally, to achieve 
high-power single-mode operation in a reproducible and reliable manner with 
these methods, the fabrication procedures must be stringently controlled.  For ex-
ample, surface relief etching is sensitive to the etch depth and requires a controll-
able etch process.  Mediation of this limitation requires custom epitaxial struc-
tures such as etch stop layers or out-of-phase matching layers for the fabrication 
of shallow surface relief VCSELs [20].  Other lithographic approaches for con-
trolling the modal properties of VCSELs include etching periodic photonic crystal 
hole patterns [22]-[27] and symmetric holey structures [28], [29].  VCSELs with 
single-fundamental-mode emission are desirable for numerous applications, in-
cluding high bandwidth fiber optical communication, small atomic clocks, bio-
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medical and chemical detection, or position sensing.  Photonic crystal VCSELs 
are a low-cost, scalable method of achieving single-mode emission in VCSELs, 
suitable for large aperture sizes to allow for excellent reliability and high-power 
operation. 
 
2.1.1  Photonic Crystal VCSEL Design 
A photonic crystal is a periodic variation in the index of refraction of a 
material.  The DBR of a VCSEL is a 1-dimensional photonic crystal, while a pe-
riodic pattern of air holes in a semiconductor is an example of a 2-dimensional 
photonic crystal.  For light that is propagating perpendicular to holes arranged in a 
triangular lattice, frequencies exist that are unable to propagate, which is the con-
cept of the photonic bandgap formally proposed by Yablonovitch in 1987 [30].  
Based on the lattice spacing, hole diameter, index of refraction of the medium, 
and index of refraction of the holes, a photonic band diagram can be calculated to 
determine the in-plane and out-of-plane dispersion properties of the PhC structure. 
As a simple theoretical model, a step-index waveguide can be used to de-
scribe PhC VCSELs with a single center defect.  In this model, the center defect 
of the PhC is taken as the core of the optical waveguide, and the surrounding PhC 
region with its reduced refractive index is taken as the cladding region, as is 
shown in Fig. 2.2.  The black circles in Fig. 2.2 represent low-index air holes 
etched into the top DBR mirror of a conventional VCSEL.  The center defect di-
ameter (missing hole) is twice the lattice spacing a minus the hole diameter b.  
This step-index waveguide model is based on optical fibers and has the advantage 
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of being less computationally intensive than other more rigorous methods such as 
finite-difference time-domain, finite element, or 3-dimensional calculations [31]-
[33] and also serves the purpose of helping with the design of single-mode PhC 
VCSELs. 
 
 
Fig. 2.2:  Top-view schematic of PhC VCSEL pattern with parameters labeled. 
 
By using the plane wave expansion method, the real part of the effective 
refractive index of the cladding region can be found by calculating the band dia-
gram of the PhC in each DBR layer that is penetrated by air holes.  In this proce-
dure, the effective refractive index is determined by taking the inverse of the slope 
of the band for out-of-plane wave propagation (kz / ko).  This effective refractive 
index can then be used to replace the DBR layers penetrated with PhC air holes 
by homogeneous effective index layers [34].  It has been shown that calculations 
of photonic bands are necessary when determining the effective index of PhC 
structures, because a simple volumetric averaging of semiconductor to PhC air 
holes does not yield accurate results [35].  The effective index VCSEL structure 
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can then be used to calculate the resonances of the core and cladding region using 
a transmission matrix approach.  The difference in resonance wavelengths is di-
rectly proportional to the step-index difference between the center core and PhC 
cladding region and is determined by [36] as 
 
∆𝑛𝑒𝑓𝑓
𝑛𝑒𝑓𝑓
≈
∆𝜆𝑜
𝜆𝑜
        (2.1) 
 
where neff and ∆neff are the effective refractive index of the core and the effective 
index difference between core and cladding region, respectively, and λo and ∆λo 
are the free-space core resonance wavelength and resonance wavelength differ-
ence between core and cladding region, respectively.  By using this approach, the 
finite etching depth of PhC air holes in the top DBR is intrinsically accounted for.  
A field weighted average of the core region is used to determine the index ncore in 
the waveguide model.  The waveguide cladding index nclad is found by taking the 
difference between the core index ncore and the effective refractive index differ-
ence ∆neff.  The mode cutoffs of the PhC VCSEL can be determined by the nor-
malized frequency parameter Veff, defined by [37] as 
 
𝑉𝑒𝑓𝑓 ≈
𝜋 𝐷
𝜆𝑜
�𝑛𝑐𝑜𝑟𝑒2 − 𝑛𝑐𝑙𝑎𝑑
2         (2.2) 
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where D is the PhC defect diameter, λo is the free-space lasing wavelength, and 
ncore, and nclad are the refractive indices in the core and cladding region, respec-
tively.  The single-mode condition is found by [37] to be 
 
𝑉𝑒𝑓𝑓 < 2.405       (2.3) 
 
where all modes with the exception of the fundamental mode are cut off.  Fig-
ure 2.3 diagrams the procedure used to calculate the effective refractive index of 
the PhC cladding region utilized to generate the step-index waveguide model.  For 
Veff values smaller than 0.6, the optical loss induced through the PhC is larger than 
the available gain, resulting in devices that do not lase [15].  For Veff values 
 
 
Fig. 2.3:  Flowchart of procedure used to generate the step-index waveguide model. 
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greater than 0.6 and less than 2.4, the devices are expected to operate in the fun-
damental mode [18].  To obtain stable single-mode operation, Veff should be close 
to 2.4 to overcome any external perturbations such as carrier-injection or thermal 
effects.  Increasing the b/a ratio results in bigger hole diameters, deeper etch 
depths, and larger defect diameters, which eventually will lead to Veff values larger 
than 2.4, producing multimode operation.  Thus, a 2-dimensional photonic crystal 
provides a means to lithographically define the optical properties of PhC VCSELs. 
 
2.1.2  Oxide-Confined Photonic Crystal VCSELs 
In this section, we describe the fabrication procedure of oxide-confined 
PhC VCSELs, relying only on standard manufacturing processes that can be used 
with any conventional VCSEL epitaxial structure.  Three different epitaxial wa-
fers are used for the fabrication of oxide-confined PhC VCSELs corresponding to 
three different emission wavelength regimes (780, 850, and 980 nm).  All three 
wafers are generic VCSEL structures, differing only in the details of the material 
composition and thickness of the layers, the number of periods in the mirrors, and 
the quantum well active regions.  All three epitaxial materials have a p-doped top 
DBR mirror, a one-wavelength-thick cavity, and an n-type bottom DBR, all 
grown by metal-organic vapor phase epitaxy.  The 780-nm epitaxial structure 
consists of a bottom 47-period DBR mirror, an undoped active region with three 
Al0.11Ga0.89As quantum wells, and a top 30-period DBR mirror.  The DBR mirrors 
are formed of repeating layers of Al0.30Ga0.70As/Al0.90Ga0.10As.  The incorporation 
of a high aluminum content layer (Al0.98Ga0.02As) two DBR periods above the ac-
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tive region allows for selective oxidation [13].  The 850-nm and 980-nm epitaxial 
structures consist of a bottom n-type 34-period DBR and 36-period DBR, respec-
tively.  The 850-nm epitaxial structure contains an active region with two GaAs 
quantum wells, whereas the active region of the 980-nm epitaxial structure con-
tains three In0.18Ga0.82As quantum wells.  Both epitaxial structures have a top 
DBR mirror with 22 periods.  The DBR of the 850-nm epitaxial structure is 
formed of repeating layers of Al0.12Ga0.88As/Al0.90Ga0.10As and the DBR of the 
980-nm epitaxial structure is formed of repeating layers of Al0.16Ga0.84As/ 
Al0.92Ga0.08As.  In both epitaxial structures, the high aluminum content layer (oxi-
dation layer) is placed one DBR period above the active region. 
A cross-sectional schematic showing the fabrication process for the PhC 
VCSELs is given in Fig. 2.4.  First, a backside contact (AuGe/Ni/Au) is deposited 
on the bottom n-type substrate to form an ohmic contact.  Top ring contacts 
(Ti/Au) are then lithographically patterned and formed by lift-off after metal de-
position.  Photoresist pillars covering each top ring contact are used to protect the 
VCSEL apertures during a proton implantation step to electrically isolate neigh-
boring lasers.  Next, a thin layer of SiO2 is deposited and PhC hole and trench pat-
terns are defined simultaneously using optical lithography, as shown in Fig. 2.4(a).  
The use of optical lithography for the formation of the PhC patterns allows for 
low-cost, high-volume manufacturing.  Since the trench and the PhC pattern are 
defined in one single step, accurate mask alignment is not critical.  The photores-
ist patterns are transferred to the SiO2 layer using a Freon (CF4) reactive ion etch 
(RIE).  In order to create the trench independently from the PhC holes, the latter 
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are coated with a thick layer of photoresist, followed by a SiCl4/Ar inductively 
coupled plasma (ICP) RIE process (see Fig. 2.4(b)).  The remaining photoresist 
mask is removed, and the samples are put into a hot steam environment at 410 ºC 
for selective oxidation of the high aluminum content layer to form oxide apertures 
[13], as is shown in Fig. 2.4(c).  A second ICP-RIE process is employed to trans-
fer the PhC pattern into the top VCSEL facet, as shown in Fig. 2.4(d). 
 
 
 
 (a) (b) 
 
  
 
 (c) (d) 
 
Fig. 2.4:  Fabrication process of oxide-confined PhC VCSELs.  (a) Self-aligned transfer of 
hole and trench pattern into a SiO2 layer.  (b) Separate ICP-RIE of trench pattern.  (c) Oxi-
dation of VCSEL structure.  (d) ICP-RIE of PhC pattern. 
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Various PhC patterns with a hole diameter b to lattice constant a ratio b/a 
of 0.4, 0.5, 0.6, and 0.7 are considered.  Etch depths of the PhC holes vary from 
40% to over 100% into the top DBR.  Finally, large metal pads and contact run-
ners (Ti/Au) leading to the top ring contacts are lithographically defined and 
formed by metal deposition lift-off.  An optical image and a scanning electron mi-
crograph (SEM) image of a fabricated PhC VCSEL are shown in Fig. 2.5.  The 
inset shows a close-up image of a PhC hole where individual layers of the DBR 
are evident.  Counting these layers is how the etch depth for each PhC design is 
determined.  In Section 3.1.1 we present the performance of these devices. 
 
  
  (a)  (b) 
Fig. 2.5:  (a) Optical micrograph and (b) SEM image of a fabricated oxide-confined PhC 
VCSEL.  The inset shows a close-up of a PhC hole. 
 
2.1.3  Implant-Confined Photonic Crystal VCSELs 
Proton-implanted single-mode PhC VCSELs emitting in the red visible 
spectrum are interesting candidates for the excitation of fluorescent dyes such as 
Cy5.5 or Alexa Fluor 680.  The following section describes the design and fabri-
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cation of proton-implanted PhC VCSELs emitting in the visible of the optical 
spectrum. 
Earlier work has shown excellent results for InGaAlP-based implant-
confined VCSELs emitting in the 640 nm to 690 nm wavelength region [38]-[43].  
Proton-implanted VCSELs inherently operate in the single-fundamental mode for 
low levels of current injection due to the weak index confinement provided by the 
thermal lens.  However, for higher levels of current injection or varying ambient 
temperatures, multimode operation, random beam steering, and consequently an 
increase in far-field beam divergence are observed.  The stability of the output 
beam of proton-implanted VCSELs is especially problematic under pulsed opera-
tion due to the elimination of the thermal lens.  A PhC with a single defect in the 
center region etched into the top facet of a proton-implanted VCSEL solves these 
problems and allows for a stable, high-quality, single-fundamental-mode output 
beam for all levels of current injection and varying ambient temperatures.  In pro-
ton-implanted PhC VCSELs, the optical confinement is determined by the PhC, 
whereas the electrical confinement is provided by the proton-implant aperture.  
This allows for precise engineering of the index guidance effect of the PhC with-
out altering the electrical confinement of the VCSEL.  As discussed previously, 
the index step of PhC VCSELs can be engineered by carefully designing the PhC 
pattern as well as by controlling the etch depth of the PhC air holes [44].  Howev-
er, to simply achieve single-fundamental-mode operation, PhC parameters such as 
lattice constant, hole diameter, or etch depths of air holes do not need to be strin-
gently controlled [24], [45].  The large tolerances in the fabrication process makes 
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PhC VCSELs suitable for mass production and thus excellent candidates for low-
cost, high-volume applications. 
The epitaxial structure used for the fabrication of proton-implanted red 
PhC VCSELs is grown by metal-organic chemical vapor deposition (MOCVD) on 
an n-GaAs substrate.  The diode laser structure is comprised of a top p-type DBR 
mirror, a center active region, and a bottom n-type DBR mirror.  The DBR layers 
are composed of high-index Al0.5Ga0.5As and low-index Al0.92Ga0.08As quarter-
wave layers.  The intrinsic 1-λ optical cavity is composed of Al0.96Ga0.04InP mul-
tiple quantum wells. 
Implant PhC VCSELs are manufactured using a standard fabrication 
process.  Proton-implant apertures with diameters of 10 and 12 µm are defined by 
ion implantation to serve as current confinement.  PhC patterns are transferred in-
to the top facet of the VCSELs by ICP etching.  The defect diameter, lattice con-
stant, and hole diameter of the PhC patterns are 5.6, 4, and 2.4 µm for the 10-µm 
implant aperture VCSEL and 5.85, 4.5, and 3.15 µm for the 12-µm implant aper-
ture VCSEL, respectively.  Fig. 2.6 shows a cross-sectional schematic of a proton-
implanted red PhC VCSEL.  A top-view micrograph and corresponding SEM im-
age of a fabricated red PhC VCSEL are given in Fig. 2.7. 
 The proton-implanted aperture, serving as electrical confinement, is cho-
sen to be much larger than the PhC defect region to guarantee that the index pro-
file induced by the thermal lens follows a uniform distribution across the PhC de-
fect region.  A thermal lens describes a thermally induced Gaussian-like index 
profile across the proton-implant aperture as a result of laser operation.  The re-
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sulting refractive index step of the thermal lens is on the order of 5 × 10 -3, whe-
reas the magnitude of the PhC-induced index step ranges from 5 × 10 -4 to 5 × 10 -3 
for etching depths of 70% to 100% into the top DBR, respectively.  As demon-
strated in Section 2.1.1, the combination of index guidance in the center defect re-
gion and induced loss for higher-order modes in the PhC region results in stable 
single-fundamental-mode operation for all levels of injection current and various 
ambient temperatures. 
 
 
Fig. 2.6:  Cross-section schematic of a proton-implanted PhC VCSEL.  The index profile 
sketch indicates the change in refractive index induced by the PhC and its center defect. 
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  (a) (b) 
Fig. 2.7:  (a) Top-view image and (b) corresponding SEM of proton-implanted red PhC 
VCSEL. 
 
2.1.4  High-Power Oxide-Confined 2-Dimensional VCSEL Arrays 
Large-aperture VCSELs, arranged in closely packed, 2-dimensional arrays 
are interesting candidates for sensing applications where high output power is de-
sired.  Here, we describe the design and fabrication of 7-, 9-, and 16-element 
VCSEL arrays emitting at 780 nm, which are suitable for the efficient excitation 
of near-infrared fluorophores, such as Alexa Fluor® 790, DyLight 800, or IR-
Dye 800. 
Figure 2.8 contains top-view micrograph images of 7-, 9-, and 16-element 
VCSEL arrays.  The epitaxial structure and fabrication procedure used for the 
manufacture of these densely packed VCSEL arrays is identical to the previously 
described oxide-confined PhC VCSEL manufacturing process, but without the 
etching of PhC holes.  Furthermore, for the 9- and 16-element square VCSEL ar-
rays, oxidation trenches are planarized using a photodefinable polyimide (HD 
4001, HD Micro Systems) and are covered with a thick layer of thermally evapo-
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rated gold to minimize spontaneous emission from the VCSEL sidewalls.  Four 
VCSEL array designs are fabricated:  a close-packed 7-element array structure 
composed of circular VCSELs, a 9-element array using rectangular VCSELs, and 
9- and 16-element array designs composed of square VCSELs.  Large oxide 
 
      
 (a) (b) 
 
      
 (c) (d) 
Fig. 2.8:  Top-view micrographs of high-power VCSEL arrays showing (a) 7-element circu-
lar, (b) 9-element rectangular, (c) 9-element square, and (d) 16-element square VCSEL ar-
rays. 
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aperture diameters of 25 µm are chosen to yield high-power, multimode operation 
with a far-field divergence angle no larger than 18º (FWHM) from threshold 
through maximum output power. 
 In addition, we fabricate rectangular VCSELs, with length-to-width ratios 
of 1:1, 1:2, 1:4, and 1:8, to investigate the polarization properties of asymmetrical 
mesa structures, as shown in Fig. 2.9. 
 
    
 (a)  (b) (c) (d) 
Fig. 2.9:  Rectangular VCSELs with various length-to-width ratios:  (a) 1:1, (b) 1:2, (c) 1:4, 
and (d) 1:8. 
 
2.2  Large Area GaAs PIN Photodetectors 
Next, the design and fabrication of large area GaAs PIN photodetectors 
capable of efficiently collecting isotropically emitted fluorescent light will be de-
scribed.  Circular photodetectors with surface areas of 0.25, 0.5, 0.75, 1.0, and 
1.25 mm2 and a square photodetector with a surface area of 1.82 mm2 are fabri-
cated.  Furthermore, a detector only spanning over half the area of a die (0.86 
mm2) is created in order to allow for hybrid integration of a VCSEL die adjacent 
to the detector mesa.  In addition, a 7-element circular array of individually ad-
dressable PIN detectors, allowing for flexible scaling of the sensing area, and a 
rectangular, narrow detector die are also fabricated. 
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The epitaxial structure used for the fabrication of the detectors is com-
posed of a 0.3-µm-thick p-type top region, a 4-µm-thick intrinsic active region, 
and a 0.5-µm-thick n-type region, grown on an n-GaAs substrate by MOCVD.  
Cross-sectional schematics of the epitaxial structure and of a fabricated PIN GaAs 
detector are given in Figs. 2.10 and 2.11, respectively.  Top-view micrographs 
 
 
Fig. 2.10:  Cross-sectional schematic of PIN GaAs epitaxial structure grown by MOCVD. 
 
 
Fig. 2.11:  Cross-sectional schematic of fabricated PIN GaAs detector. 
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of each PIN GaAs detector die, differing in shape or surface area, are presented in 
Fig. 2.12. 
 
     
 (a) (b) (c) 
 
     
 (d) (e) (f) 
 
     
 (g) (h) (i) 
Fig. 2.12:  Top-view micrographs of fabricated PIN GaAs detector dies with surface areas of 
(a) 0.25 mm2, (b) 0.5 mm2, (c) 0.75 mm2, (d) 1.0 mm2, (e) 1.25 mm2, (f) 1.82 mm2, (g) 0.89 
mm2, (h) 0.58 mm2, and (i) 0.60 mm2. 
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The fabrication process starts with the deposition of p-type top contact 
rings (Ti/Au) and a common n-type backside contact (AuGe/Ni/Au) by electron 
beam evaporation and subsequent metal lift-off.  Next, a 6-µm-thick mesa etch 
mask is defined by photolithography using AZ 9260.  We first remove any surface 
oxide with a 30% ammonium hydroxide (NH4OH) / deionized water (1:5) dip for 
30 s.  Next, detector mesas are isotropically wet-etched using a 85% phosphoric 
acid (H3PO4) / 30% hydrogen peroxide (H2O2) / deionized water solution with a 
volume ratio of 1:1:10 to yield an etch rate of ~0.59 µm/min at room temperature 
[10].  After an 8-min etch, the height of the mesas is found to be 4.7 µm.  A wet-
etch is preferred over an RIE dry-etch in order to minimize sidewall damage, 
which can result in increased dark current of the detectors.  An SEM image of an 
isotropically etched detector mesa is given in Fig. 2.13.  The non-uniform ripples 
on the sloped mesa sidewall are most likely due to the poor pattern quality of the 
photolithographic mask employed.  The mesa sidewalls are then cleaned with a 
 
 
Fig. 2.13:  SEM image of wet-etched detector mesa sidewall. 
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30% H2O2 dip for 10 s to oxidize any surface contamination, followed by a 40% 
hydrochloric acid (HCl) / deionized water (1:1) oxide removal etch for 15 s.  Af-
ter the wet-etch, the wafer is immediately transferred into a plasma-enhanced 
chemical vapor deposition (PECVD) chamber for the deposition of a 3000-Å-
thick silicon nitride layer to passivate the detector sidewalls.  The mesas are then 
planarized using a photodefinable polyimide (HD 4001, HD Micro Systems) and 
are cured at 375 ºC for 2 hours.  After that, the silicon nitride is removed from the 
top facet of the detectors by using a Freon (CF4) RIE process where the polyimide 
layer is employed as etch mask to protect the detector sidewalls.  Finally, fan met-
al contact pads and runners leading to the top metal rings are formed, and all con-
tacts are thermally annealed at 400 ºC for 1 min. 
 
2.3  Multilayer Interference Filters 
Due to their versatile characteristics and excellent performance capabili-
ties, multilayer interference filters are traditionally utilized with fluorescence 
spectroscopy.  When a broadband light beam passes through alternating layers of 
material with different refractive indices and various thicknesses, constructive and 
destructive interference from successive reflections at each boundary result in ref-
lection and transmission of photons at various wavelengths.  Depending on the 
number of layers, their thicknesses, and refractive indices, these interference fil-
ters can be tailored to have a desired transmission spectrum [46].  A large variety 
of dielectric materials can be used for the fabrication of interference filters.  The 
most common materials are silicon dioxide, silicon nitride, titanium dioxide, 
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magnesium fluoride, and tantalum pentoxide.  Standard semiconductor fabrication 
techniques, such as plasma-enhanced chemical vapor deposition (PECVD), ther-
mal evaporation, or low-temperature ion-assisted sputtering, can be used to create 
low-stress, high-quality optical coatings.  Typically, a large index contrast be-
tween high and low refractive index layers is desired to achieve high reflectivities, 
sharp transition edges, and high blocking densities over a wide range of incident 
angles.  One of the most important advantages of interference filters is their versa-
tility.  Almost any spectral profile can be realized by choosing the right coating 
materials and proper layer arrangements.  However, interference filters also suffer 
from some serious drawbacks.  The fabrication process of thin-film filters is high-
ly sensitive to manufacturing errors and needs to be stringently controlled.  Varia-
tions in layer thickness of a few nanometers can cause filter characteristics to 
change drastically, rendering the optical coating unusable.  Furthermore, the spec-
tral response of these filters is highly dependent on the angle of incidence and po-
larization of the incoming light, as will be discussed later.  However, despite these 
drawbacks, multilayer interference filters are the optical filter of choice for fluo-
rescence and Raman spectroscopy applications due to their unmatched perfor-
mance potential. 
 
2.3.1  Basic Theory 
To qualitatively understand the performance principles of multilayer inter-
ference filters, three physical facts have to be considered [46].  First, the ampli-
tude of light reflected at the boundary between two media is described by 
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(1 ‒ Y)/(1 + Y), where Y is the ratio of the optical admittances at the boundary.  
Second, there is a phase shift of 180º when the reflection takes place in a medium 
of low refractive index and there is zero phase shift when the reflection occurs in 
a high refractive index medium.  Third, light rays that are out-of-phase by 180º in-
terfere destructively and the ones that are in-phase (either zero or a multiple of 
360º) add up constructively. 
A basic type of thin-film structure is a stack of alternating high and low re-
fractive index layers, a so-called quarter-wave stack.  These layers have a thick-
ness of λo/4n, where n is the refractive index of the layer material and λo is the free 
space wavelength.  Such a structure is called a distributed Bragg reflector (DBR).  
Light reflected within the low-index layers will suffer a phase shift of 180º on ref-
lection, while that reflected within a high-index layer will not undergo any phase 
shift, as illustrated in Fig. 2.14.  It is apparent from Fig. 2.14 that all components 
of the incident light, resulting from reflection at successive boundaries throughout 
the quarter-wave stack, are in-phase when reappearing at the DBR’s top surface 
and therefore will add up constructively.  Hence, very high reflectivity values can 
be achieved by increasing the contrast between high and low refractive index lay-
ers or simply by increasing the number of DBR pairs.  However, the reflection on-
ly remains high over a limited range of wavelengths, called the stopband, since 
the optical thickness of the quarter-wave layers is wavelength dependent.  Outside 
the DBR stopband, the reflection drops abruptly and the transmittance increases to 
a maximum.  Because of this characteristic behavior, the DBR quarter-wave stack 
can be used as a basic building block for many types of thin-film filters, such as 
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longpass, shortpass, and bandpass filters, or simply as a high-reflectance coating. 
 
 
Fig. 2.14:  Constructive interference of a plane-wave incident on a quarter-wave stack com-
posed of alternating high and low refractive index layers. 
 
For example, a simple bandpass filter is designed by surrounding a dielec-
tric layer with an optical path length of an integer multiple of λo/2 between two 
Bragg mirrors to form a high-finesse Fabry-Pérot cavity.  The cavity resonance 
condition of such a Fabry-Pérot interferometer is described by 
 
𝑑 = 𝑚 1
2
 𝜆𝑜
𝑛
        (2.4) 
 
where d is the physical length of the cavity, λo is the free-space wavelength, n is 
the refractive index of the cavity medium, and m is an integer multiple.  High-
transmission peaks are observed when the cavity resonance condition is satisfied 
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and the transmitted beams interfere constructively; transmission minima are ob-
served otherwise. 
The reflection and transmittance of a DBR mirror can be calculated by 
means of a propagation matrix.  The conventions and notation used to describe the 
basic theory of multilayer optical coatings are taken from references [46]-[48].  A 
DBR thin film coating with q layers can be described by a 2 x 2 matrix (M ), giv-
en by 
 
𝑀 = ∏ � 𝑐𝑜𝑠 𝛿𝑟 𝑖 𝑠𝑖𝑛 𝛿𝑟𝜂𝑟
𝑖 𝜂𝑟 𝑠𝑖𝑛 𝛿𝑟 𝑐𝑜𝑠 𝛿𝑟�𝑞𝑟=1               (2.5) 
 
where 
 
𝛿𝑟 = 2𝜋𝜆𝑜  𝑑𝑟𝑁𝑟 𝑐𝑜𝑠𝛩𝑟               (2.6) 
 
The wavelength of the incident wave is denoted by 𝜆𝑜, and the physical thickness 
and refractive index of the rth layer are symbolized by 𝑑𝑟, and 𝑁𝑟 = 𝑛𝑟 − 𝑖𝑘𝑟 re-
spectively.  If the material of the layer is absorption free, the refractive index of 
the medium is purely real and simply can be described by 𝑁𝑟 = 𝑛𝑟.  The refrac-
tive angle of the plane wave in the rth layer is denoted by 𝛩𝑟 and can be deter-
mined by using Snell’s law, given by 
 
𝑁𝑟 𝑠𝑖𝑛 𝛩𝑟 = 𝑁𝑟−1 𝑠𝑖𝑛 𝛩𝑟−1               (2.7) 
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The optical admittance 𝜂𝑟 of the rth layer is defined as the ratio between the mag-
netic and electrical fields of a plane wave traveling through a medium and is de-
scribed by 
 
𝜂𝑟 = 𝐻𝑟 𝐸𝑟�      (2.8) 
 
where 𝐻𝑟 and 𝐸𝑟 represent the magnetic and electric field amplitudes, respectively.  
For oblique incidence angles, the plane wave spits into two polarization compo-
nents, the TM wave for p-polarization and the TE wave for s-polarization.  The 
optical admittance for each polarization is given by 
 
𝜂𝑟 = �𝜀𝑟µ𝑟 𝑁𝑟𝑐𝑜𝑠 𝛩𝑟   (TM wave)        (2.9) 
 
and 
 
𝜂𝑟 = �𝜀𝑟µ𝑟 𝑁𝑟 𝑐𝑜𝑠 𝛩𝑟   (TE wave)        (2.10) 
 
where 𝜀𝑟 and µ𝑟 are the permittivity and permeability of the rth layer medium, re-
spectively.  The amplitude reflection coefficient is given by 
 
𝑟 = (𝜂𝑜 − 𝑌)(𝜂𝑜 + 𝑌)        (2.11) 
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where the optical admittance of the incident medium is described by 
 
𝜂𝑜 = �𝜀𝑜µ𝑜 𝑁𝑜 cos𝛩𝑜           (2.12) 
 
The optical admittance seen by the incident medium is denoted by Y and is given 
by 
 
�1
𝑌
� = 𝑀 � 1𝜂𝑒�               (2.13) 
 
where 
 
𝜂𝑒 = �𝜀𝑒µ𝑒 𝑁𝑒 cos𝛩𝑒            (2.14) 
 
is the optical admittance of the exit medium.  For a multilayer coating with q lay-
ers, the characteristic matrix is calculated by taking the product of the individual 
matrices, as described by 
 
�𝐵
𝐶
� = �∏ � 𝑐𝑜𝑠 𝛿𝑟 𝑖 𝑠𝑖𝑛 𝛿𝑟𝜂𝑟
𝑖𝜂𝑟 𝑠𝑖𝑛 𝛿𝑟 𝑐𝑜𝑠 𝛿𝑟�𝑞𝑟=1 � � 1𝜂𝑒�             (2.15) 
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Solving Equation 2.15 yields B and C, the total electric and magnetic field ampli-
tudes, respectively.  The reflectance R and transmittance T of a multilayer interfe-
rence coating can then be calculated using the following equations: 
 
𝑅 = �𝜂𝑜𝐵 − 𝐶
𝜂𝑜𝐵 + 𝐶� �𝜂𝑜𝐵 − 𝐶𝜂𝑜𝐵 + 𝐶�∗      (2.16) 
 
and 
 
𝑇 = 4𝜂𝑜 𝑅𝑒{𝜂𝑒}(𝜂𝑜𝐵 + 𝐶)(𝜂𝑜𝐵 + 𝐶)∗                 (2.17) 
 
where * denotes the conjugate complex value.  Figure 2.15 shows the transmit-
tance at normal incidence for a dielectric DBR stack of 24 alternating high and 
low refractive index quarter-wave layers comprised of TiO2 (n = 2.33) and SiO2 
(n = 1.44), calculated using Matlab.  Such a multilayer coating is very sensitive to 
deviations in layer thickness.  Layer thickness variations as small as 5% (<4 nm) 
can result in a 40-nm shift of the transmission edge (see Fig. 2.16).  The strong 
dependence of the spectral response on thickness variations highlights the need 
for stringent control during the fabrication process.  Furthermore, the transmission 
characteristics are highly dependent on the light beam’s angle of incidence.  For 
instance, tilting the angle of incidence to 25º off-normal causes the DBR’s transi-
tion edge to shift by as much as 25 nm, as can be seen from Fig. 2.16. 
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Fig. 2.15:  Transmittance at normal incidence of an ideal DBR structure composed of 24 al-
ternating layers of TiO2 and SiO2, with a total thickness of 2.28 µm. 
 
 
 
Fig. 2.16:  Changes in spectral response of a dielectric DBR structure for a decrease in layer 
thickness by 5% (red curve) and for oblique incident light at an angle of 25º (blue curve). 
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2.3.2  Longpass Filter Design 
The determination of the spectral characteristics of a given multilayer 
structure is straightforward, whereas the design of a multilayer interference filter 
that satisfies a given transmission spectrum is fairly complicated.  Typically, nu-
merical methods based on generic algorithms are used to identify a suitable coat-
ing design.  We used the thin-film design software TFCalcTM to determine the 
layer structure of a dielectric interference longpass filter.  After specification of 
the dielectric materials, the number of layers, and the total thickness of the filter 
structure, the initial coating design is optimized using the variable metric method 
by varying the thickness of each individual layer in order to minimize the follow-
ing merit function [49] 
 
𝐹 = �1
𝑚
∑ �
𝐶𝑗−𝑇𝑗
𝑁𝑗  𝑇𝑜𝑙𝑗�𝑘𝑚𝑗=1 �
1
𝑘�
               (2.18) 
 
where m is the number of specified targets used to provide a performance bench-
mark, k is the power of the method, T is the desired target value, C is the com-
puted value (e.g. the reflectance or transmittance at the target wavelength), Tol is 
the tolerance for a target value, and N is the normalization factor for the specific 
target.  Table 2.1 gives the calculated layer thicknesses of an optimized dielectric 
longpass interference filter.  The filter is designed to reject laser light at a wave-
length of 785 nm.  The multilayer interference filter is composed of 45 alternating 
layers of TiO2 and SiO2, for a total thickness of 4.32 µm.  
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Table 2.1:  Layer information for a 45-layer interference filter.  Layers are numbered start-
ing from the top air interface down.  The optical thickness is calculated at 785 nm. 
        
Layer no. Material Physical thickness (nm) Optical thickness 
    
1 TiO2 81.39 0.9557 
2 SiO2 115.10 0.8454 
3 TiO2 58.73 0.6896 
4 SiO2 101.72 0.7471 
5 TiO2 74.46 0.8744 
6 SiO2 125.31 0.9205 
7 TiO2 79.15 0.9294 
8 SiO2 124.89 0.9173 
9 TiO2 76.31 0.8961 
10 SiO2 118.20 0.8682 
11 TiO2 72.28 0.8488 
12 SiO2 115.68 0.8497 
13 TiO2 74.03 0.8694 
14 SiO2 120.83 0.8875 
15 TiO2 76.61 0.8996 
16 SiO2 122.86 0.9024 
17 TiO2 76.27 0.8957 
18 SiO2 121.45 0.8921 
19 TiO2 75.27 0.8839 
20 SiO2 120.02 0.8815 
21 TiO2 75.20 0.8830 
22 SiO2 120.71 0.8867 
23 TiO2 75.64 0.8882 
24 SiO2 120.12 0.8823 
25 TiO2 75.02 0.8810 
26 SiO2 119.59 0.8784 
27 TiO2 74.96 0.8803 
28 SiO2 120.28 0.8835 
29 TiO2 76.36 0.8966 
30 SiO2 122.83 0.9022 
31 TiO2 77.17 0.9061 
32 SiO2 122.69 0.9012 
33 TiO2 75.54 0.8871 
34 SiO2 117.11 0.8602 
35 TiO2 71.41 0.8386 
36 SiO2 114.94 0.8442 
37 TiO2 74.47 0.8745 
38 SiO2 123.29 0.9056 
39 TiO2 79.15 0.9294 
40 SiO2 127.72 0.9381 
41 TiO2 79.09 0.9287 
42 SiO2 118.04 0.8671 
43 TiO2 59.72 0.7013 
44 SiO2 92.87 0.6821 
45 TiO2 74.66 0.8767 
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 The filter’s transmittance (linear scale) and optical density (log10 scale) for 
various angles of incidence are given in Fig. 2.17(a) and 2.17(b), respectively.  
The angular dependence is shown for average polarized light.  In the case of a 
single polarized beam, the transition edge of the filter will red shift for s-polarized 
and blue shift for p-polarized light with increasing angle of incidence. 
 Monte Carlo simulations of layer thickness variations are performed to de-
termine the sensitivity of the optical filter to small manufacturing errors.  The 
program varies the thickness of each layer randomly, analyzes the filter perfor-
mance, and records the results.  We account for inaccuracies in layer thickness of 
1% and 5%, resulting in physical thickness uncertainties smaller than 2 and 7 nm, 
respectively.  The worst-case maximum (upper bound), worst-case minimum 
(lower bound), the median, and the first- and third-quartile spectral response 
curves are displayed in Fig. 2.18.  The first- and third-quartile curves represent the 
range in which half of the random designs fall. 
 As a benchmark comparison, transmittance and optical density curves of a 
commercially available longpass filter, custom designed by Barr Associates Inc., 
are displayed in Fig. 2.19(a) and 2.19(b), respectively. 
 Even though we have identified an interference filter design suitable for 
the spectral analysis of near-infrared fluorescent dyes (e.g. Alexa Fluor® 790), 
due to the tight filter manufacturing tolerances needed for the 45 layers of the fil-
ter, as well as the critical importance of filter performance for the overall micro-
chip sensitivity, we decided to use a custom-designed filter from Barr Associates 
Inc. for the integration into the optofluidic microchip.  
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(a) 
 
 
(b) 
Fig. 2.17:  Spectral characteristics of a multilayer interference filter at different angles of in-
cidence.  The filter is comprised of 45 alternating layers of silicon dioxide (n = 1.44) and tita-
nium dioxide (n = 2.31), to yield a total thickness of 4.32 µm.  (a) The transmittance (linear 
scale) curves and (b) the optical density (log10 scale) curves. 
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(a) 
 
 
(b) 
Fig. 2.18:  Spectral response curves of the 45-layer interference filter at normal incidence, 
determined by Monte Carlo simulations using a sample size of 1000 runs.  Layer thickness 
variations of (a) 1% (less than ± 2 nm) and (b) 5% ( less than ± 7 nm). 
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(a) 
 
 
(b) 
Fig. 2.19:  Spectral characteristics of a commercially available interference filter with a 
thickness of 16 µm.  (a) Transmittance (linear scale) curves and (b) optical density (log10 
scale) curves. 
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2.4  Microfluidic Channels 
We use polydimethylsiloxane (PDMS) as the material for the fabrication 
of microfluidic flow channels.  In contrast to traditional microfabrication mate-
rials, such as silicon or glass, PDMS is a low-cost material that allows for simple 
and rapid prototyping compared to traditional etching and bonding approaches.  
Primary advantages of PDMS silicone for microfluidic applications include per-
meability to gases, ease of bonding to a variety of substrates, excellent optical 
properties (low absorption in the visible and near-infrared spectrum), non-toxicity, 
and good biocompatibility.  Optical absorption values as small as 0.03 dB/cm in 
the visible to near-infrared optical spectrum have been reported for Dow Corn-
ing’s Sylgard 184 [50]. 
We manufacture PDMS microfluidic channels using standard fabrication 
techniques [51], [52].  A schematic of the fabrication procedure is given in Fig. 
2.20.  After oxygen plasma cleaning and surface oxide removal, a silicon wafer is 
spin-coated with photoresist to a thickness of the desired channel’s depth.  The 
negative photoresist SU-8 2075 (MicroChem Corp.) is used to create a film thick-
ness of 250 µm.   A double spin process with slow spin speeds and long pre-
exposure bakes is employed to create a thick photoresist coating with good wafer 
uniformity.  The photoresist is then lithographically defined, and the wafer is sila-
nized by a 4-hour exposure to tri-chlorosilane gas.  The PDMS used for the fabri-
cation of the microchannels is Sylgard 184 from Dow Corning, a two-part heat 
curable system that is mixed 10:1 with the corresponding cross-linker agent.  Af-
ter thorough mixing of the  two components, the polymer mixture is placed in a 
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vacuum chamber for 20 minutes, allowing for degassing of air bubbles.  Next, the 
patterned silicon wafer is placed in a flat Petri dish and the degassed PDMS mix-
ture is slowly poured over the SU-8 master.  The wafer is then placed in the va-
cuum chamber for a second time to eliminate any air bubbles that may have 
formed during this process.  After that, the PDMS is cured in a leveled oven at 
70 ºC for 2 hours.  Once cured, the individual channels are carefully cut out using 
a sharp razor blade and peeled back from the substrate to reveal the negative im-
age of the microchannel structure.  Finally, fluid inlet and outlet ports are plunged 
into the PDMS using a sharp needle. 
 
 
  (a) (b)  (c) 
Fig. 2.20:  Process flow showing the fabrication of a PDMS mold.  (a) Patterning of SU-8 
negative photoresist and silanization of silicon wafer.  (b)  Pouring of pre-polymer and cross-
linker mixture onto wafer and curing at 70 ºC for 2 hours.  (c)  Peeling off cured elastomer 
from wafer. 
 
The cured PDMS slab is then attached to a blank silicon wafer to form mi-
crofluidic channels with a depth of 250 µm and a width of 1 mm.  The channel 
dimensions are chosen rather large to facilitate the alignment between flow chan-
nel and optoelectronic components.  Figures 2.21 and 2.22 are photographs of a 
fabricated SU-8 master and corresponding PDMS mold, respectively.  In Fig. 2.22, 
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fiber grooves are aligned perpendicular to the flow channel enabling the place-
ment of an optical fiber in close proximity to the channel.  The fiber grooves have 
a width of 250 µm and are separated from the fluidic channel by 50 µm. 
 
 
Fig. 2.21:  Silicon wafer with SU-8 photoresist pattern used as a master mold for the fabrica-
tion of PDMS channels.  The inset shows a fluidic channel with three fiber grooves. 
 
 
 (a) (b) 
Fig. 2.22:  Photograph of a fabricated PDMS channel (a) with fiber grooves  and correspond-
ing top-view micrograph (b) showing alignment of fiber groove and fluidic channel. 
 
2.5  System Component Integration Platforms 
Silicon wafers are used as host substrate for the integration of system 
components of the optofluidic microchip.  The primary advantages of silicon in-
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clude high thermal conductivity, excellent mechanical strength, unique wet-
etching properties, capability of growing an insulating surface oxide, easy manu-
facturability using standard micro-fabrication techniques, and low cost. 
Various silicon coupon designs are fabricated with the primary goal of providing 
a host substrate for the integration of III-V laser diode and photodetector dies.  
Early designs were only comprised of a surface oxide layer for insulation purpos-
es and metal contact pads for electrically connecting individual VCSEL dies.  
However, we found that the surface topology of such a hybrid system is too large 
to be easily planarized using standard photoresists, and metal ramping to the 
VCSEL top contact pads was not achieved, as can be seen from Fig. 2.23.  At-
tempts to use the top metal mask to dry-etch pockets for the VCSEL dies failed 
due to the large ground metal contact ring, resulting in undesired surface topology 
across the entire silicon substrate. 
 
  
 (a) (b) 
Fig. 2.23:  Fabricated silicon substrate with integrated VCSEL dies.  (a) Photograph of host 
substrate.  (b) SEM image of integrated VCSEL die and planarization attempt using SU-8 
photoresist. 
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The second generation of integration platforms encompasses small pockets 
etched into the silicon substrate with roughly the same etching depth as the height 
of the VCSEL dies to minimize the surface topology of the hybrid microchip [53].  
Figure 2.24 presents a schematic of the fabrication process.  A silicon host sub- 
 
  
 (a) (b) 
Fig. 2.24:  Fabrication process of second-generation silicon host substrate.  (a) ICP Bosch 
etching of trenches and pockets.  (b) Surface oxidation of silicon substrate and deposition of 
ground and top metal contacts. 
 
strate is prepared by etching trenches and pockets using an inductively coupled 
plasma (ICP) Bosch etch process.  The etch depth is time controlled and results in 
a trench depth that is roughly the same as the thickness of the VCSEL dies to be 
integrated.  Next, the etched silicon substrate is exposed to a hot steam environ-
ment at 1150 ºC to grow an insulating surface oxide.  Subsequently, top metal 
runners and bottom contacts are lithographically defined, and metal contacts are 
deposited on the top surface and bottom of the trenches in the silicon substrate. 
This silicon coupon can then be used for the hybrid integration of VCSEL dies 
while keeping surface topology of the microchip to a minimum.  Figure 2.25 con-
tains photographs of the fabricated silicon integration platforms. 
59 
  
 (a) (b) 
 
  
 (c) (d) 
Fig. 2.25:  Photographs of the fabricated silicon integration platforms.  (a) First-generation 
silicon coupon suffering from large surface topology.  (b) Second-generation silicon coupon 
using small pockets for the integration of VCSEL dies.  (c) Third-generation integration 
scheme allowing for the incorporation of monolithically integrated VCSEL/PIN photodetec-
tor dies.  (d) Angled integration scheme allowing for the independent integration of VCSEL 
and detector dies. 
 
The third-generation silicon coupon employs an integration scheme simi-
lar to the second generation but allows for incorporation of monolithically inte-
grated VCSEL/PIN detector dies where multiple top contacts are required.  By us-
ing this third integration scheme, position sensing with monolithically integrated 
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VCSEL/PIN detector dies has been demonstrated [54]; utilization for compact 
microchip integration, which may enable biomedical and chemical sensing, is cur-
rently under investigation. 
A fourth-generation silicon integration platform allows for the hybrid in-
tegration of individual VCSEL and detector dies.  The VCSEL die pockets are 
wet-etched using 30% KOH at 70 ºC at an etch rate of 0.79 µm/min for 16 hours, 
creating sloped trenches that allow for the angled integration of VCSEL dies 
along the (111) crystallographic etch plane.  An anisotropic ICP Bosch etch can 
then be employed to create pockets for the photodetector dies. 
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CHAPTER 3 
 
MICROCHIP COMPONENT CHARACTERIZATION 
 
 
This chapter begins with characterization of oxide-confined single-mode 
PhC VCSELs emitting at 780, 850, and 980 nm.  Electrical, optical, and spectral 
properties are investigated and “endlessly single-mode” PhC designs are pre-
sented.  Next, characteristics of proton-implanted single-mode PhC VCSELs, 
emitting in the visible of the optical spectrum, are examined, including tempera-
ture-dependent light versus current and voltage (LIV) curves, optical spectra, and 
far-field beam properties.  The performance of high-power 780-nm oxide-
confined VCSEL arrays is discussed next.  Finally, we present characterization 
results of large area GaAs PIN photodetectors and analyze the performance of a 
commercially available longpass interference filter provided by Barr Associates 
Inc. 
 
3.1  Vertical-Cavity Surface-Emitting Lasers 
3.1.1  Oxide-Confined Photonic Crystal VCSELs 
Light output versus current and voltage (LIV) characteristics and spectral 
properties of the fabricated oxide-confined PhC VCSELs were first investigated.  
The LIV characteristics of a 980-nm PhC VCSEL and of an un-patterned but oth-
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erwise identical VCSEL are given in Fig. 3.1.  The higher output power of the 
 
 
Fig. 3.1:  LIV characteristics of a 980-nm VCSEL with and without photonic crystal holes. 
 
control VCSEL occurs because many transverse modes are present, as can be seen 
in Fig. 3.2(b).  The PhC VCSEL only lases in the fundamental mode.  The higher 
threshold voltage of the PhC VCSEL is a result of the increase in series resistance 
due to etching of the top DBR, while the increase in threshold current and de-
creased slope efficiency for the PhC VCSEL arises from optical loss introduced 
by the photonic crystal.  Optical loss introduced by the photonic crystal predomi-
nantly discriminates higher-order modes that overlap the PhC region [1],[2].  As a 
result, the differential quantum efficiency of the single-mode PhC VCSEL (22%) 
is much lower compared to the multimode VCSEL without holes with a differen-
tial quantum efficiency of 53%.  Higher efficiency has been previously obtained 
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from single-mode VCSELs using other approaches [3],[4].  Similar improvements 
for the PhC VCSELs are under study. 
The output spectra for various injection currents of the 980-nm PhC 
VCSEL with b/a = 0.7, a = 5.5 µm, oxide aperture = 11 µm, and etch depth of 77 % 
are shown in Fig. 3.2(a).  Single-mode operation is defined as a side mode sup-
pression ratio (SMSR) greater than 30 dB from threshold to maximum power.  To 
demonstrate the effectiveness of the PhC design, output spectra for the un-
patterned, but otherwise identical, control VCSEL are shown in Fig. 3.2(b).  The 
control device clearly operates multimode for all levels of injection current. 
 
 
 (a) (b) 
Fig. 3.2:  Spectral properties of a 980-nm VCSEL for various injection currents.  (a) With 
PhC pattern (b/a = 0.7, a = 5.5, oxide aperture = 11 µm).  (b) Without PhC pattern. 
 
The manufacturability of PhC VCSELs can be enhanced by using designs 
that are single mode for a wide range of wavelengths and are relatively insensitive 
to etch depth [5].  These designs are called endlessly single-mode designs and are 
investigated next.  Since a wide range of different etch depths resulted in single-
mode emission, etch depth uncertainty during manufacture has minimal influence 
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on mode properties.  Universal PhC designs that produce single-mode operation 
over a wide range of wavelengths can lead to simple manufacture of single-mode 
VCSELs operating at different wavelength regimes.  PhC VCSELs fabricated at 
wavelengths of 780, 850, and 980 nm are examined to find endlessly single-mode 
PhC VCSEL designs [6].  Figure 3.3 shows the calculated Veff as a function of 
wavelength.  In this calculation, we considered various etch depths of the PhC air 
holes into the top DBR ranging from 50% to 80%.  As shown in Fig. 3.3, Veff 
 
 
Fig. 3.3:  Variation of Veff over a range of wavelengths for b/a = 0.7, a = 4.5 µm, and etch 
depth ranging from 50% to 80% into the top DBR. 
 
remains constant over a wide range of wavelengths since the change in refractive 
index difference between the core and the photonic crystal cladding region com-
pensates for the change in the normalized diameter of the core (D/λ).  This proper-
ty, called the endlessly single-mode condition, is well known in photonic crystal 
fibers [7], and enables a unique PhC VCSEL design to yield single-mode emis-
sion regardless of lasing wavelengths. 
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Two example of single-mode designs yielding single-mode operation for 
all three wavelengths (780, 850, and 980 nm) are presented in Fig. 3.4.  These two 
PhC designs have periods of 4 and 4.5 µm.  Figure 3.4 also shows the range of 
etch depths for which these designs operate in the single-fundamental mode (indi-
cated by the dashed circles). 
 
 
(a) 
 
 
(b) 
Fig. 3.4:  Modal properties of PhC VCSELs; designs that are independent of wavelength are 
shown in dashed circles.  (a) b/a = 0.7, a = 4 µm, oxide aperture = 12 µm.  (b) b/a = 0.7, a = 
4.5 µm, oxide aperture = 12 µm. 
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Note that an etch depth of less than 60% corresponds to Veff ≤ 0.8, which may not 
be sufficient for single-mode operation [8].  Etch depths varying from 60% to 80% 
and 70% to 100% of the top DBR thickness for PhC designs with b/a = 0.7, a = 4 
µm and b/a = 0.7, a = 4.5 µm, respectively, allow for single-mode operation.  
Three emission spectra of PhC VCSELs with b/a = 0.7, a = 4.5 µm, oxide aper-
ture of 12 µm, and etch depth of 80% into the top DBR are shown in Fig. 3.5.  
The side-mode suppression ratio of all VCSELs is well above 35 dB from thre-
shold through rollover. 
 
 
 (a) (b) 
 
 
 (c) 
Fig. 3.5:  Spectral properties of PhC VCSELs for various injection currents at wavelengths 
of (a) 780 nm, (b) 850 nm, and (c) 980 nm. 
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Other PhC designs with different b/a ratios yield single-mode operation 
for a subset of the etch depths considered over a limited wavelength regime.  The 
modal behavior of the PhC VCSELs for various photonic crystal designs is sum-
marized in Fig. 3.6.  The etch times used for the creation of PhC holes are aimed 
towards larger b/a ratios such as 0.6 and 0.7.  The large hole diameter of these 
 
  
 (a)  (b) 
 
 
    (c) 
Fig. 3.6:  Modal characteristics of the fabricated PhC VCSELs for various photonic crystal 
designs, (a) 780-nm VCSELs, (b) 850-nm VCSELs, and (c) 980-nm VCSELs. 
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PhC designs allows for easier fabrication and results in Veff values close to 2.4.  
Smaller hole diameters for designs with b/a ratios of 0.4 and 0.5 do not result in 
deep-enough holes to sufficiently overlap the longitudinal optical power distribu-
tion.  Large b/a ratios combined with lattice constants bigger than 4.5 µm result in 
Veff values well above 2.4 and thus cause multimode operation. 
The increase of the cavity diameter of PhC VCSELs is potentially an ad-
vantage for single-mode laser reliability.  However, since the impact of the intro-
duction of holes into the top DBR is an important consideration, we investigated 
the normalized laser output of PhC VCSELs (b/a = 0.6, a = 3.75 µm, oxide aper-
ture = 10 µm) over time (see Fig. 3.7).  These lasers were operated at 4 mA con-
stant current, 55 ºC temperature, and ambient humidity, and show no significant 
degradation of their output power for up to 5000 hours.  No annealing was per-
formed prior to the life testing [9], so the slight increase in output power for some 
devices is most likely due to current annealing. 
 
 
Fig. 3.7:  Normalized continuous wave output power of 12 PhC VCSELs (b/a = 0.6, a = 3.75 
µm, oxide aperture = 10 µm) operated at 55 ºC for 5000 hours. 
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3.1.2  Proton-Implanted Red Photonic Crystal VCSELs 
LIV characteristics with the corresponding optical spectra for a 12-µm 
implant aperture visible PhC VCSEL and the corresponding control device are 
given in Fig. 3.8.  The PhC VCSEL operates in a single-fundamental mode from 
 
 
(a) 
 
 
(b) 
Fig. 3.8:  LIV curves and spectral characteristics of red proton-implanted VCSELs.  (a) PhC 
VCSEL with b/a = 0.7, and a = 4.5 µm.  (b) Unetched control device. 
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threshold through maximum output power with a side-mode suppression ratio 
greater than 30 dB.  The maximum achievable single-mode output power of the 
red PhC VCSEL is found to be greater than 1 mW.  Due to the step-index-like 
optical confinement provided by the PhC, lasing is observed for lower levels of 
current injection, as compared to the control VCSEL.  The unetched control 
VCSEL without a PhC has a higher maximum output power of 2.37 mW.  How-
ever, the optical spectrum becomes multimode for higher levels of current injec-
tion.  It is noteworthy that the electrical characteristics of the PhC VCSEL remain 
virtually unchanged when compared to the unetched control device.  The voltage 
versus current curve only shows a very slight increase in series resistance due to 
the removal of highly doped semiconductor material while etching the PhC 
air holes. 
 We also investigate the thermal characteristics of the fabricated implant 
PhC VCSELs.  Figure 3.9 displays the light output versus current (LI) curves of a 
PhC VCSEL and a control device at different ambient temperatures.  The PhC 
VCSEL shows lasing action for temperatures up to 55 ºC.  As expected, the max-
imum output power decreases with increasing surrounding temperatures.  The 
maximum continuous wave lasing temperature of 55 ºC is typical for red VCSELs 
emitting at wavelengths around 670 nm since high-temperature performance is 
limited by the relatively small conduction band offset of the AlGaInP active ma-
terial system, which leads to high leakage current. 
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   (a) 
 
 
   (b) 
Fig. 3.9:  LI characteristics for various ambient temperatures.  (a) Red PhC VCSEL and (b) 
control VCSEL. 
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Next, we discuss the far-field beam characteristics of red PhC VCSELs.  
Figure 3.10 is a graph of the theoretically calculated and experimentally measured 
far-field beam divergence of a 680-nm PhC VCSEL with b/a = 0.7 and a = 4.5 
µm for different etch depths.  For etch depths beyond 60% into the top DBR, the 
index confinement induced by the PhC holes produces a significant confinement 
of the electrical near-field, resulting in an increase in far-field beam divergence, 
as can be seen from Fig. 3.10(b).  The step-index waveguide model used here on-
ly considers confinement due to index contrast while neglecting other means of 
optical confinement such as optical scattering loss or thermally induced confine-
ment.  As a result of this simplification, the simulated beam-divergence values are 
lower than the experimentally observed data.  For shallow etched PhC holes 
(etching depth < 70%), the optical loss becomes so large that the PhC VCSELs do 
not lase. 
 
   
 (a) (b) 
Fig. 3.10:  Far-field beam divergence of a 680-nm PhC VCSEL (a) Simulated far-field profile 
for an etch depth of 100% into the top DBR.  (b) Simulated and measured far-field beam di-
vergence for different etch depths. 
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We also investigate the far-field beam divergence of a red PhC VCSEL 
(b/a = 0.7, a = 4.5 µm, implant aperture diameter 12 µm) and of the corresponding 
control device as a function of current injection.  Due to the additional optical 
confinement, induced by the PhC step-index, a stable optical output beam for all 
levels of current injection is observed.  As a result, the far-field beam divergence 
of the PhC VCSEL does not change significantly with injection current, as can be 
seen from Fig. 3.11.  The far-field beam divergence of the proton-implanted 
 
             
  (a) (b) 
Fig. 3.11:  Far-field dependence of PhC VCSEL and proton-implanted control device for va-
rying injection current.  (a) Full-width half maximum of far-field divergence angle.  (b) In-
tensity profile at maximum injection current. 
 
control VCSEL, however, shows a strong dependence on different levels of cur-
rent injection.  For very low levels of current injection, right above threshold, the 
control VCSEL has a divergence angle similar to the PhC VCSEL.  After further 
increase in drive current, the control device operates in a single mode with a small 
divergence angle.  This single-mode operation is due to the fact that the thermally 
induced refractive-index profile (referred to as a thermal lens) expands over the 
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entire implant aperture and confines the photons over a large near-field, resulting 
in a narrow far-field profile.  For higher levels of current injection, the control 
implant VCSEL becomes multimode and as a result the far-field beam divergence 
increases again.  In addition to the fluctuations in beam divergence, the far-field 
beam profile of the control device does not resemble a Gaussian-like shape (see 
Fig. 3.11(b)).  Moreover, random beam steering of the intensity peak due to local 
fluctuations of the thermal lens are observed.  The index-step provided by the PhC 
is similar in magnitude to the thermally induced index profile, and, because of this 
additional optical confinement, the red PhC VCSEL does not exhibit any of the 
above-mentioned fluctuations. 
Furthermore, we investigate the dependence of the far-field beam diver-
gence on the ambient temperatures.  Here, we compare a red PhC VCSEL (b/a = 
0.6, a = 4 µm, implant aperture diameter 10 µm) with a corresponding control de-
vice.  In Fig. 3.12(a), the level of current injection is held constant at 1.1 × Ith, 
whereas the surrounding temperature is varied from 15 to 55 ºC in steps of 5 ºC.  
Figure 3.12(b) shows the far-field beam divergence for varying temperatures at 
injection current levels at maximum output power.  The PhC VCSEL shows a sta-
ble far-field beam divergence for both low and high levels of current injection 
over the whole temperature range.  This is not the case for the unetched control 
VCSEL, where varying injection current levels result in strong changes in the far-
field beam divergence angle.  It is interesting to note that the control implant 
VCSEL has a small and stable beam divergence for elevated temperatures when 
operated close to maximum output power.  This small beam divergence is a result 
80 
of single-mode operation due to the fact that the higher-order modes of the control 
VCSEL do not overcome the lasing threshold at higher temperatures (see 
Fig. 3.9(b)). 
 
  
 (a) (b) 
Fig. 3.12:  Far-field divergence angle for varying ambient temperatures.  (a) Injection cur-
rent level at 1.1 × Ith.  (b) Injection current level at maximum output power. 
 
As demonstrated previously, the incorporation of a PhC into the top facet 
of a proton-implanted VCSEL helps to stabilize the optical output beam.  A stable 
optical beam profile for all levels of current injection and various ambient tem-
peratures is desirable, in particular for VCSELs emitting in the visible spectrum, 
because of the many available fluorescence probes in this wavelength regime (e.g. 
Cy5.5, Alexa Fluor 680).  The beam properties of PhC VCSELs can be controlled 
not only by the design of the PhC pattern but also by the etch depth of the PhC air 
holes.  Previous work has shown that the requirements for simply achieving sin-
gle-mode operation in PhC VCSELs are not stringent [5],[10].  However, there is 
a strong dependence of electrical and optical characteristics on the etch depth of 
the PhC air holes.  The impact of etch depth on PhC VCSEL characteristics such 
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as threshold current and far-field beam divergence is shown in Fig. 3.13.  Here we 
investigate a red PhC VCSEL with a hole-to-lattice-spacing ratio b/a = 0.7, lattice 
spacing a = 4.5 µm, and implant aperture = 12 µm.  Figure 3.13(a) displays the 
threshold current dependence for different PhC etching depths ranging from 0 to 
100% into the top-DBR.  An etching depth of 100% corresponds to PhC holes 
etched all the way through the top DBR into the active region.  A minimum 
 
  
 (a) (b) 
Fig. 3.13:  Etching depth dependence of red PhC VCSEL.  (a) Threshold current versus 
etching depth.  (b) Far-field beam divergence versus etching depth. 
 
threshold current is observed for etching depths close to, but not all the way 
through, the active region.  High threshold currents are observed for shallow PhC 
etches, as a result of increased scattering loss.  This loss is reduced for PhC etches 
close to the active region where photon coupling into the PhC defect region is 
more efficient.  However, the PhC structure again becomes more lossy when the 
holes are etched all the way into the active region.  Non-radiative recombination 
of electron-hole pairs on the rough PhC sidewalls in the quantum wells results in 
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an increase in loss and therefore increases in threshold current.  For achieving 
minimum threshold current, the optimal etching depth for the PhC holes is close 
to, but not all the way into, the active region, as can be seen from Fig. 3.13(a). 
As mentioned previously, the etching depth of the PhC holes can strongly 
influence the beam properties of PhC VCSELs.  We investigate the dependence of 
far-field beam divergence on PhC hole etching depth for high and low levels of 
current injection .  The results of this study are presented in Fig. 3.13(b).  The red 
data points show the divergence angle for PhC VCSELs operated at maximum 
output power and the blue data points, when operated at 1.1 × Ith.  The far-field 
beam divergence of the unetched proton-implanted control VCSEL undergoes 
large changes for different levels of current injection.  For low levels of current 
injection, the divergence angle of the control VCSEL is very small but becomes 
fairly large when operated at maximum output power.  The change in the far-field 
divergence angle for this particular device was found to be over 4.5º (full angle).  
The PhC helps to stabilize the output beam so that changes in far-field beam di-
vergence for different levels of current injection are minimal, as can be seen in 
Fig. 3.13(b).  With increasing etching depth, the beam divergence discrepancy be-
tween high and low levels of current injection is reduced.  Furthermore, the beam 
divergence of the red PhC VCSEL increases with increasing etching depth be-
cause deeper PhC etches result in a larger index-step and therefore provide higher 
optical confinement for the near-field, which results in an increase in the far-field 
divergence angle.  This phenomenon has previously been reported for 850-nm 
oxide PhC VCSELs [11]. 
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3.1.3  High-Power 780-nm Oxide-Confined VCSEL Arrays 
The LIV characteristics and optical spectra for a circular 7-element, rec-
tangular 9-element, and square 9- and 16-element VCSEL arrays are displayed in 
Fig. 3.14.  Due to the use of large oxide aperture sizes, all VCSEL arrays operate 
in multiple transverse modes.  The corresponding far-field characteristics of the 
780-nm VCSEL arrays are shown in Fig. 3.15.  The oxide aperture size and pitch 
between adjacent VCSEL elements are 28 and 66 µm for the circular VCSEL ar-
ray, 18 × 8 and 46 (vertical pitch) and 56 (horizontal pitch) µm for the rectangular 
VCSEL array, and 28 × 28 and 66 µm for the square VCSEL arrays, respectively.  
Threshold current (Ith), threshold voltage (Vth), maximum achievable output power 
(Pmax), and external quantum efficiency (ηext) of the fabricated 780-nm VCSEL ar-
rays are displayed in Table 3.1.  The relatively low values for Pmax and ηext are due 
to inherent design challenges for 780-nm quantum wells that result in high 
 
Table 3.1:  Device characteristics of circular 7-element, rectangular 9-element, and square 9- 
and 16-element VCSEL arrays. 
 
Array geometry Ith (mA) Vth (V) Pmax (mW) ηext (%) 
circular 
7-element 30 3.1 53 38 
rectangular 
9-element 55 2.2 18 13 
square 
9-element 60 1.8 47 13 
square 
16-element 300 2.2 57 11 
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(a) 
                     
(b) 
                     
(c) 
                     
(d) 
Fig. 3.14:  LIV characteristics (left) and corresponding optical spectra (right) of the fabri-
cated 780-nm VCSEL arrays for (a) circular 7-element, (b) rectangular 9-element, (c) square 
9-element, and (d) square 16-element VCSEL arrays. 
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(a) 
                                         
(b) 
                                         
(c) 
                                         
(d) 
Fig. 3.15:  Far-field characteristics of 780-nm VCSEL arrays.  2-dimensional cut of intensity 
profile along the 45º axis (left) and top-view intensity profile (right) for (a) circular 7-element, 
(b) rectangular 9-element, (c) square 9-element, and (d) square 16-element VCSEL arrays. 
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leakage currents and consequently excessive heating, which can limit the perfor-
mance of 780-nm VCSELs.  High-order mode intensity profiles are observed due 
to multimode operation of individual VCSEL elements.  The VCSEL array ele-
ments operate incoherently, resulting in an array far-field profile that is the super-
position of the individual VCSEL intensity profiles. 
The largest array size that could successfully be realized is a 4 × 4 VCSEL 
array with a very high threshold current of 300 mA.  VCSEL arrays with larger 
element numbers did not achieve lasing threshold.  It is apparent that the overall 
efficiency greatly decreases with an increasing number of array elements.  The 
average output power per array element for each VCSEL array is given in Fig. 
3.16.  Due to parasitic heating, the output power per VCSEL element decreases as 
 
 
Fig. 3.16:  Output power per VCSEL element for 780-nm VCSEL arrays. 
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the number of array elements increases [12], which limits the effectiveness of 
VCSEL arrays with large numbers of elements.  Furthermore, attempts to increase 
the overall array output power by increasing the power of individual VCSEL ele-
ments – e.g. by increasing the oxide aperture size – is limited by the high series 
resistance of VCSELs and resulting excess heating. 
For fluorescence sensing, output powers of a few milliwatts are usually 
sufficient.  The goal of combining multiple VCSEL elements into 2-dimensional 
arrays allows tailoring of the VCSEL performance – e.g. for single polarization or 
single-mode emission (both at the cost of output power) – while maintaining a 
reasonably high output power provided by the multi-element VCSEL array.  For 
instance, high-power single-mode emission with a narrow far-field beam profile 
can be achieved by fabricating oxide-confined PhC VCSELs in closed packed 2-
dimensional arrays.  The use of asymmetrical VCSEL mesas is another means of 
achieving high power emission with a uniform intensity profile.  The far-field 
beam profile of rectangular VCSELs with oxide aperture sizes of 40 × 40, 20 × 40, 
10 × 40, and 5 × 40 µm are shown in Fig. 3.17.  Due to uniform current injection 
along the elongated side of rectangular VCSELs, a more uniform far-field intensi-
ty profile is observed.  This effect is most obvious for the 5 × 40 µm oxide aper-
ture VCSEL with a length-to-width ratio of 1:8. 
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(a) 
                            
(b) 
                                
(c) 
                               
(d) 
Fig. 3.17:  Far-field intensity profiles of rectangular 780-nm VCSELs with length-to-width 
ratios of (a) 1:1, (b) 1:2, (c) 1:4, and (d) 1:8. 
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Furthermore, asymmetrically shaped VCSELs have the advantage of tending to 
operate in one preferred polarization state, which facilitates the design of single-
polarization VCSEL arrays that can be used for fluorescence polarization studies.  
The polarization resolved LI curve for a rectangular VCSEL with oxide aperture 
size 5 × 40 µm is given in Fig. 3.18.  The orthogonal polarization suppression ra-
tio (OPSR) is 5.5 dB.  Higher OPSR can be achieved with the introduction of a li-
near surface grating parallel to the long side of the rectangular VCSEL to further 
discriminate against orthogonally polarized emission [13,14]. 
 
 
Fig. 3.18:  Polarization-resolved LI curve of a rectangular VCSLE with an oxide aperture 
size of 5 × 40 µm.  An OPSR >5 dB is observed. 
 
3.2  Large Area GaAs PIN Photodetectors 
Next, the optical and electrical characteristics of large area GaAs PIN pho-
todetectors are presented.  All data shown are for circularly shaped photodetectors 
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with a surface area of 1 mm2.  Dark current measurements of a wet- and dry-
etched photodetector with and without sidewall passivation are presented in Fig. 
3.19.  The dark current of the wet-etched photodetector with sidewall passivation 
is approximately two orders of magnitude lower compared to the dry-etched non-
passivated detector.  The higher dark current arises from sidewall roughness dur-
ing dry-etching and surface oxidation due to missing sidewall passivation.  These 
effects are minimized by using a wet-etch process to define detector mesas, which 
results in smoother sidewalls and thus lower dark current noise. 
 
 
Fig. 3.19:  Dark current (log10 scale) of a dry-etched non-passivated and a wet-etched side-
wall passivated GaAs PIN photodetector with surface area of 1 mm2. 
 
In order to detect weak fluorescence light, it is desirable to keep the dark 
current noise of the photodetector to a minimum.  Therefore, a small reverse bias 
of 100 mV is chosen for the fluorescence measurements.  The dark current cha-
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racteristic of the wet-etched photodetector is shown in Fig. 3.20.  The inset shows 
the dark current values at an enlarged scale for the -0.2 to 0.1 bias voltage range. 
 
 
Fig. 3.20:  Dark current (linear scale) of a wet-etched GaAs detector with surface area of 
1 mm2.  The detector sidewall is passivated with a 3000-Å thick Si3N4 layer. 
 
For a reverse bias of 100 mV, we measured a dark current of 8 pA.  The minimum 
detectable signal of a photodetector is commonly taken as the root mean square 
(RMS) noise, which is defined as standard deviation of the detector dark current 
signal and given by 
 
𝑅𝑀𝑆 = �1
𝑁
∑ (𝑥𝑖 − µ)2𝑁𝑖=1              (3.1) 
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where N is the number of measurements, x is the value of a particular measure-
ment, and µ is the mean for all measurements.  The arithmetic mean is described 
by 
 
µ = 1
𝑁
∑ 𝑥𝑖
𝑁
𝑖=1         (3.2) 
 
The root mean square deviation of the dark current noise at a reverse bias of 100 
mV, using a sample size of 15 measurements, was found to be 4 pA (RMS). 
We also collected responsivity data of a circular 1 mm2 GaAs PIN detector 
for illumination at 780 nm.  The measured photocurrent versus bias voltage for 
different levels of illumination and photocurrent versus optical input power at a 
reverse bias of 1 V, is displayed in Fig. 3.21(a) and Fig. 3.21(b), respectively.  By 
taking the slope of the trendline, the responsivity of the detector at 780 nm was 
determined to be 0.31 A/W.  Characterization of the 1 mm2 GaAs PIN detector for 
illumination at 850 nm yielded a responsivity of 0.45 A/W, as can be seen from 
Fig. 3.22.  For these measurements, we first determined the LI characteristics of 
the excitation laser by using a calibrated silicon photodetector as a reference.  The 
fabricated GaAs PIN detector is then analyzed via illumination at known optical 
input powers using the previously characterized excitation laser diode. 
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(a) 
 
 
 
(b) 
Fig. 3.21:  Responsivity measurements of a 1 mm2 GaAs photodetector at 780 nm.  (a) Meas-
ured photocurrent for different levels of illumination.  (b) Photocurrent versus optical input 
power at a bias of -1 V. 
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(a) 
 
 
 
(b) 
Fig. 3.22:  Responsivity measurements of a 1 mm2 GaAs photodetector at 850 nm.  (a) Meas-
ured photocurrent for different levels of illumination.  (b) Photocurrent versus optical input 
power at a bias of -1 V. 
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The spectral dependence of the responsivity of the GaAs PIN photodetec-
tor is favorable for fluorescence sensing using near-infrared dye Alexa Fluor® 
790, since the dye peak emission at 852 nm is detected more efficiently than the 
background noise from the pump laser at 780 nm, as will be discussed in Section 
5.2.2.  We found that the responsivity remains the same for different detector siz-
es (0.25 to 1.25 mm2) and shows no variations over a wide range of optical input 
powers.  The characterized photodetectors have an average turn-on voltage of 500 
mV and a measured series resistance in the forward-biased regime of 21 Ω.  These 
characteristics are in agreement with previously reported values where the same 
detector epitaxial structure was used [15],[16]. 
 
3.3  Multilayer Interference Filters 
We use a commercially available longpass filter, provided by Barr Asso-
ciates Inc., for the integration into the optofluidic microsystem.  Such an external 
filter is more challenging to integrate, due to its bulky nature, but has the advan-
tage of superior performance. 
The Barr longpass interference filter has a cut-off wavelength of 795 nm 
and a transition edge steepness of approximately 10 nm.  Figure 3.23 is a photo-
graph of the provided filter samples.  The filter pieces have a thickness of 1 mm 
and lateral dimensions of 5 × 5 mm.  To enable tight integration of microchip sys-
tem components, the filter pieces need to be thinned down to a thickness of 
roughly 300 µm to minimize the separation between photodetector and fluidic 
channel.  Filter substrates with thicknesses below 300 µm causes bowing of the 
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filter pieces and in some cases separation of the optical coating from the quartz 
substrate. 
 
 
Fig. 3.23:  Photograph of 795-nm longpass filter samples provided by Barr Associates, Inc.  
The filter pieces are 5 × 5 mm square and 1 mm thick. 
 
We also purchased a 785-nm longpass filter from Semrock (part number 
LP02-785RE-25) with a specified edge steepness <1.6 nm and a passband of 790 
to 1770 nm.  Micrograph images of both filters, using an optical microscope with 
an infrared-sensitive CCD camera to detect transmitted laser light from a 780-nm 
VCSEL, are shown in Fig. 3.24.  The VCSEL operates at its maximum output 
power of 12 mW for a bias current of 45 mA.  For this current setting, the laser 
peak emission wavelength was 778 nm.  With increasing injection currents, the 
laser output power increases and the peak emission shifts towards longer wave-
lengths.  The filter characteristics of the Barr filter are more suitable for rejection 
of the 780-nm VCSEL emission, as can be seen from Fig. 3.24.  The Semrock 
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Fig. 3.24:  Micrograph images of laser light transmitted through a longpass filter at various 
output power levels.  The Semrock filter breaks down for high levels of output power, whe-
reas the Barr filter shows high rejection for all power levels. 
 
filter shows poor rejection characteristics for high levels of current injection (high 
output powers) in comparison to the Barr filter.  This difference in level of rejec-
tion is due to the fact that either the Barr filter has a higher blocking density to al-
low for better rejection of high-power laser light or the transition edge of the Se-
mrock longpass filter is placed too close to the laser peak emission, thus allowing 
for partial transmission of long wavelength laser light.  The latter seems more 
likely since the spectrally broad but intensity weak spontaneous emission from the 
VCSEL sidewall is poorly rejected by the Semrock filter.  The above transmission 
experiments are performed at normal incidence.  In case of oblique incident light, 
the transition edge of the interference filters will shift to shorter wavelength (blue 
shift).  Consequently, backscattered laser light at large angles from a 780-nm 
VCSEL might not be sufficiently rejected by these filters. 
The spectral responses of the longpass filters, using a 780-nm VCSEL as 
excitation source at normal incidence, are given in Fig. 3.25.  The VCSEL 
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(a) 
 
 
(b) 
Fig. 3.25:  Spectral characteristics of a multilayer interference longpass filter illuminated by 
a 780-nm oxide VCSEL at normal incidence for (a) Barr filter and (b) Semrock filter. 
 
emission transmitted through the filter is collected by a microscope objective and 
is focused onto one end of a fiber with the other end connected to a spectrum ana-
lyzer (Agilent 86141B).  The maximum measurable optical density of the Barr fil-
ter is 7, as shown in Fig. 3.25(a).  This value is limited by our measurement 
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equipment rather than by the filter itself.  The peak fiber-coupled laser power, 
provided by the 780-nm oxide VCSEL, is seven orders of magnitude above the 
noise floor.  Therefore, the maximum measurable optical blocking density of the 
filter was 7.  A high optical density can only be measured for high laser powers.  
Lower values for optical density, away from the laser emission peak, are due to 
the signal-to-noise limitation of the sensing equipment and do not reflect the spec-
tral characteristics of the filter.  These results confirm that the Barr filter is well 
suited for blocking laser excitation at a wavelength of 780 nm.  This is not the 
case for the Semrock filter.  Even though the filter specification called for an opti-
cal density >6 for wavelengths <785 nm, we were only able to measure blocking 
densities of 4 to 5, as can be seen from Fig. 3.25(b).  Based on these findings, we 
used the Barr longpass filter instead of the Semrock filter for integration into the 
optofluidic microchip. 
The theoretically calculated and experimentally measured transmittance 
spectra of the Barr filter at normal incidence are given in Fig. 3.26.  For this mea-
surement, the Barr filter is positioned in the path of light between two optical fi-
bers.  One fiber is connected to a white light source while its other end is pointed 
at the interference filter at normal incidence.  The light transmitted through the fil-
ter is then collected by a second fiber that is connected to an optical spectrum ana-
lyzer.  The measured spectral response of the Barr filter shows a transition edge at 
795 nm with an edge steepness <14 nm.  These values agree reasonably well with 
the calculated filter transmittance spectrum provided by Barr Associates, Inc. 
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Fig. 3.26:  Theoretically calculated and experimentally measured transmission spectra of the 
Barr filter illuminated by a white light source at normal incidence. 
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CHAPTER 4 
 
SYSTEM COMPONENT INTEGRATION 
 
 
This chapter describes various integration schemes for the incorporation of 
system components, such as VCSEL arrays, photodetectors, interference filters, 
and microfluidic channels, into a silicon host platform to form an optofluidic mi-
crochip.  The hybrid integration schemes eliminate the need for complex epitaxial 
structures and circumvent inherent trade-offs that are apparent for monolithically 
integrated systems.  For example, hybrid integration schemes allow system com-
ponents to be optimized independently, and, in the case of integration of different 
laser sources, they can provide sensing capabilities at multiple wavelengths.  
Another advantage of hybrid integration schemes over monolithically integrated 
systems is the possibility of reducing electrical and optical cross-talk, which re-
sults in improved overall performance due to larger flexibility in system compo-
nent arrangement.  Despite the inherent challenges of monolithically integrating 
VCSELs and detectors on a single substrate, we also consider the incorporation of 
monolithic VCSEL/PIN detector dies with a silicon platform to form an opto-
fluidic microchip. 
All integration schemes presented here combine the optoelectronic ele-
ments into one sensing platform while keeping the fluidic elements in a separate 
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detachable unit.  This allows reusing the sensing platform and facilitates cleaning 
of the fluidic channels in case of contamination. 
 
4.1  Integration of Individual VCSELs 
Before integration, fabricated VCSEL arrays are characterized to identify 
“known good” dies.  Due to tight process control, very high device uniformity 
across the entire VCSEL sample was observed.  For this integration scheme, 780- 
and 850-nm oxide VCSELs are considered.  The individual 780-nm oxide 
VCSELs, with aperture sizes of approximately 15 µm, have an average threshold 
current of 1.69 mA, threshold voltage of 1.52 V, slope efficiency of 0.39 W/A, 
and maximum output power of 8.5 mW.  The 850-nm oxide VCSELs have an av-
erage threshold current and voltage of 1.84 mA and 1.62 V, respectively.  The av-
erage slope efficiency and maximum output power are 0.56 W/A and 19.25 mW, 
respectively [1].  After characterization, the VCSEL samples are thinned to 
roughly 120 µm.  When cleaved, these 1 × 10 VCSEL arrays result in die sizes of 
3000 × 700 µm.  All VCSELs have individual top contact pads and a common 
backside ground contact.  Figure 4.1 gives a sketch and a top-view micrograph of 
a cleaved VCSEL die. 
Figure 4.2 illustrates a sequence of the integration process of VCSEL dies, 
silicon host substrate, and microfluidic channels.  The integration process starts 
with the placement of individual VCSEL dies into etched pockets of the previous-
ly fabricated silicon host substrate by attachment using electrically conductive sil-
ver epoxy (EPO-TEK H20E from Epoxy Technology).  The silver epoxy is then 
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cured on a hotplate at 175 ºC for 45 s, followed by 150 ºC for 5 min, 120 ºC for 
15 min, and 90 ºC for 3 hours.  The low surface topology of the hybrid structure, 
enabled through etching of the VCSEL pockets, facilitates planarization and al-
lows the use of a negative reflow photoresist (NR9-8000 from Futurrex) to create 
a smooth transition between the silicon substrate and the top surface of the inte-
grated VCSEL dies.  After patterning and reflow of the photoresist at 150 ºC for 8 
hours, trenches and gaps between VCSEL dies and silicon pockets are filled with 
photoresist to leave openings only over VCSEL facets and top contact pads.  Sub-
sequently, top contact VCSEL pads are connected to the top metal runners on the 
silicon substrate by using silver paint dispensed and patterned by a probe tip on a 
micropositioning stage.  Then, a small amount of PDMS (Sylgard 184 from Dow 
 
 
(a) 
 
 
(b) 
Fig. 4.1:  Cleaved VCSEL die showing (a) sketch and (b) top-view of optical micrograph. 
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Corning) is dispersed onto the VCSEL platform and cured at 70 ºC for two hours, 
using a Teflon wafer placed on top of the hybrid substrate to create a flat surface 
of the PDMS mold.  This second planarization layer encapsulates VCSELs and 
metal interconnects from any fluids and creates a flat surface allowing for a tight 
seal between the hybrid VCSEL platform and PDMS slab containing the micro-
fluidic channels.  Finally, a PDMS slab containing the microfluidic channels is 
 
    
 (a) (b) 
 
    
 (c) (d) 
Fig. 4.2:  Integration process of VCSEL arrays into the silicon host substrate.  (a) Hybrid in-
tegration of VCSEL dies using conductive epoxy glue.  (b) Planarization of low topology hy-
brid microchip using reflow photoresist.  (c) Second planarization using PDMS to encapsu-
late VCSELs and level surface.  (d) Merging network of PDMS channels with hybrid 
VCSEL platform to form the integrated optofluidic microchip. 
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merged with the hybrid VCSEL platform to form an integrated optofluidic micro-
chip.  Figure 4.3 is a photograph of the fabricated optofluidic microchip.  Figure 
4.4 is photograph of an optofluidic microchip containing high-power VCSEL ar-
rays fabricated using the same integration procedure as mentioned above. 
 
 
Fig. 4.3:  Optofluidic microchip showing compact integration of VCSEL dies with a network 
of microfluidic channels. 
 
 
Fig. 4.4:  Optofluidic microchip containing high-power VCSEL array dies merged with a 
thin fluidic channel allowing the out-coupling of fluorescence light using an optical fiber. 
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4.2  Integration of PIN Photodetectors 
Next, we describe the incorporation of PIN photodetectors into a silicon 
host substrate, which enables the integration with fluorescence interference filters 
and microfluidic channels.  Figure 4.5 is photograph of the optofluidic microchip 
with integrated photodetector.  Similarly to the integration process of VCSEL dies, 
PIN detector dies are incorporated with a silicon host substrate by attachment us-
ing electrically conductive silver epoxy.  After the first planarization step using 
negative reflow photoresist and electrically connecting the detector top contacts 
by silver paint, a fluorescence interference filter 1-mm thick is bonded to the inte-
grated detector using a UV-curable optical adhesive (NOH81 from Thorlabs Inc).  
After hardening of the adhesive via a flood exposure at 365 nm for 5 min, the mi-
crochip is encapsulated with a thin PDMS layer.  The total distance between the 
 
 
Fig. 4.5:  Integration of PIN photodetectors with the silicon host substrate enabling the com-
pact integration of fiber lasers, detectors, interference filters, and fluidic channels. 
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top of the PDMS encapsulation layer and top surface of the detector is approx-
imately 1.1 to 1.2 mm.  By merging a PDMS slab, containing a fluidic channel 
and fiber grooves, with the detector silicon platform, an optofluidic microchip is 
formed.  In order to form a permanent seal between the microchannel and PDMS 
planarization layers, silicone mixtures with different cross-linker agent ratios are 
used.  The PDMS planarization layer is made of a two-part resin and cross-linker 
mixture with a volume ratio of 20:1, whereas a volume ratio of 5:1 is used for the 
PDMS slab containing the fluidic channels.  After merging of the PDMS compo-
nents and curing at 70 ºC for 2 hours, a permanent seal is formed.  The strong seal 
allows for long-term studies of the optofluidic microchip without having to worry 
about delamination issues and necessary repositioning of the fluidic channels.  
The PDMS structure, along with use of the fiber grooves for guidance, allows the 
placement of a bare fiber tip from a 780-nm pigtailed laser diode in close proximi-
ty to the integrated fluidic channel, enabling the excitation of fluids directly above 
the integrated detector.  The close proximity of the integration of optical fiber, 
fluorescence filter, and photodetector eliminates the need for external light gather-
ing optical components such as micro lenses or microscope objectives. 
 
4.3  Integration of Monolithic VCSEL/PIN Detectors 
We also investigate the potential benefits of incorporating monolithically inte-
grated VCSEL/PIN detector dies into a silicon host substrate for biomedical and 
chemical sensing applications.  Such an integration scheme has the disadvantage 
of requiring a custom designed epitaxial structure for the fabrication of monolithi-
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cally integrated VCSEL/PIN detectors.  In addition, a custom designed interfe-
rence filter that is directly deposited on top of the detector surface is necessary to 
block backscattered laser light from the integrated VCSELs.  Furthermore, issues 
such as optical and electrical cross-talk between closely spaced VCSELs and de-
tectors, potentially limiting the systems overall sensitivity, need to be addressed.  
Despite these challenges, miniaturized systems using monolithic VCSEL/PIN de-
tectors have been demonstrated for in vivo and in vitro sensing with detection lim-
its as low as 5 nM [2]-[5].  Even though the fabrication of monolithic 
VCSEL/PIN detectors can be costly and cumbersome, the potential advantages 
when incorporated with a silicon host substrate, which results in a fully integrated 
optofluidic microchip composed of laser source, fluorescence filter, detector, and 
fluidic channel, could make such efforts worthwhile.  Figure 4.6 contains optical 
micrographs of fabricated VCSEL/PIN detector dies [6].  The integration of 
VCSEL/PIN detector dies with a silicon host substrate has been demonstrated for 
position sensing applications [7].  Figure 4.7 is a photograph of such a hybrid chip. 
The inset is a close-up of an integrated VCSEL/PIN detector die.  For fast proto- 
 
   
 
   (a)  (b)   (c) 
Fig. 4.6:  Monolithically integrated VCSEL/PIN detector dies with three different detector 
configurations with (a) single photodetector element, (b) four photodetector elements, and (c) 
eight photodetector elements. 
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typing, electrical contacts are made using silver paint dispensed by a probe tip on 
a micropositioning stage. 
 
 
Fig. 4.7:  Integration of VCSEL/PIN detectors with a silicon host substrate.  This sensor con-
figuration has been demonstrated for position sensing [7].  However, a similar integration 
scheme could be used for biomedical and chemical sensing applications. 
 
A similar integration scheme could be utilized for the manufacture of an 
optofluidic sensing platform, enabling the compact integration of VCSELs, detec-
tors, fluorescence filters, and microfluidic channels. 
 
4.4  Integration of High-Power VCSEL Arrays 
Discussed next is a hybrid integration scheme that enables the incorpora-
tion of various laser sources, low-noise photodetectors, high-performance fluores-
cence filters, and fluidic channels into one compact optofluidic microchip.  A 
cross-sectional schematic of the proposed integration scheme is given in Fig. 4.8. 
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Fig. 4.8:  Cross-sectional schematic showing the angled integration of VCSEL array dies 
with a silicon host substrate. 
 
High-power VCSEL arrays are integrated along the (111) etch plane (54.7º sloped 
sidewall) of wet-etched trenches in the silicon substrate.  A PDMS casting jig, 
composed of plexiglass top and bottom plates, a spacer sheet, and tightening 
screws, is used to create a well-defined PDMS layer.  A window cut into the 
spacer material allows control of the lateral dimensions of the planarization layer, 
and the thickness of the spacer material defines its height.  The thickness of the 
planarization layer is fairly critical since it determines where the fluidic channel 
will be positioned in terms of vertical alignment with the laser beams.  This an-
gled integration scheme allows for the incorporation of all optical components, 
which are necessary for on-chip fluorescence spectroscopy, into one reusable 
sensing unit while keeping the fluidic component as a separate detachable unit.  
Figure 4.9 is a photograph showing the angled integration of high-power VCSEL 
dies with a silicon substrate and a fluidic channel.  This prototype does not yet in-
clude an integrated detector unit or fluorescence filter.  However, research to in-
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corporate low-noise PIN photodetectors with integrated fluorescence filters is 
ongoing. 
 
 
Fig. 4.9:  Photograph of an optofluidic microchip showing the angled integration of high-
power VCSEL arrays with a silicon host substrate and a fluidic channel. 
 
4.5  References 
[1] A. M. Kasten, J. D. Tice, A. V. Giannopoulos, V. B. Verma, P. J. A. Kenis, 
and K. D. Choquette, “Vertical-cavity surface-emitting lasers for optical 
sensing in microfluidic microsystems,” Proceedings of SPIE - Vertical-
Cavity Surface-Emitting Lasers XIII, vol. 7229, pp. 722909.1-722909.7, 
2009. 
 
[2] E. Thrush, O. Levi, L. J. Cook, J. Deich, A. Kurtz, S. J. Smith, W. E. 
Moerner, and J. S. Harris, Jr., “Monolithically integrated semiconductor 
fluorescence sensor for microfluidic applications,” Sensors and Actuators 
B, vol. 105, pp. 393-399, 2005. 
 
[3] O. Levi, T. T. Lee, M. M. Lee, S. J. Smith, and J. S. Harris, “Integrated 
semiconductor optical sensors for cellular and neutral imaging,” Applied 
Optics, vol. 46, pp. 1881-1889, 2007. 
 
114 
[4] T. D. O’Sullivan, E. Munor, J. S. Harris, and O. Levi, “Fabrication of an 
integrated 670 nm VCSEL-based sensor for miniaturized fluorescence 
sensing,” Proceedings of SPIE - Vertical-Cavity Surface-Emitting Lasers 
XIV, vol. 7615, pp. 76150D.1-76150D.7, 2010. 
 
[5] T. O’Sullivan, E. A. Munro, N. Parashurama, C. Conca, S. S. Gambhir, J. 
S. Harris, and O. Levi, “Implantable semiconductor biosensor for conti-
nuous in vivo sensing of far-red fluorescent molecules,” Optics Express, 
vol. 18, no. 12, pp. 12513-12525, 2010. 
 
[6] A. V. Giannopoulos, A. M. Kasten, C. M. Long, C. Chen, and K. D. Cho-
quette, “2-dimensional integration of vertical-cavity surface-emitting laser 
and photodetectors for position sensing,” Applied Optics, vol. 47, no. 25, 
pp. 4555-4559, 2008. 
 
[7] A. V. Giannopoulos, A. M. Kasten, N. Hardy, T. Jefvert, and K. D. Cho-
quette, “Position sensing using an integrated VCSEL and PIN photodetec-
tor microsystem,” Proceedings of SPIE - Vertical-Cavity Surface-Emitting 
Lasers XIV, vol. 7615, pp. 76150C.1-76150C.7, 2010. 
 
  
115 
 
CHAPTER 5 
 
OPTOFLUIDIC MICROCHIP CHARACTERIZATION 
 
 
This chapter characterizes various optofluidic microchip designs with in-
tegrated VCSELs or fiber-coupled laser diodes emitting at 780 and 850 nm.  Ab-
sorption and fluorescence measurements using near-infrared fluorescence die so-
lutions are presented.  The microchip architecture, particularly the positioning of 
the laser excitation source and fluorescence detection components, plays a critical 
role in terms of high sensitivity capabilities.  Reduction of optical noise from the 
laser source can greatly improve the system’s overall sensitivity.  In addition to 
improvements to the detection limit of the microchips, challenges of achieving a 
tight seal between the fluidic channel and silicon host substrate are discussed, and 
solutions to avoid bubble formation at the fluid inlets are presented. 
 
5.1  Integrated VCSEL Arrays with Fluidic Channel 
5.1.1  Measurement Procedure 
Optofluidic microchips with integrated VCSEL arrays are characterized 
using a standard optical characterization setup, as shown in Fig. 5.1.  The charac-
terization procedure starts with placing the optofluidic microchip on an adjustable 
chuck of a probe station.  Two pin probes are used to make electrical contact and 
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to bias the integrated VCSEL devices.  The injection current for the lasers is sup-
plied by a Keithley 236 DC current source.  The emitted light is collected by a 
microscope objective and is coupled into a multimode fiber.  The other end of the 
fiber is connected to an Agilent 86141B optical spectrum analyzer with a spectral 
resolution of 0.06 nm.  For LIV measurements, the injection current is controlled 
by an Agilent 4156C semiconductor parameter analyzer (SPA), and the laser out-
put power is quantified by a silicon photodetector. For convenience, the Agilent 
 
 
Fig. 5.1:  Schematic of experimental setup used for the characterization of optofluidic micro-
chips. 
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4156C semiconductor parameter analyzer is controlled by a Microsoft Windows 
XP workstation running National Instruments LabVIEW 6.1.  Using a Microsoft 
Windows XP workstation also facilitates the storage of data.  Figure 5.2 is a pho-
tograph of the experimental setup. 
 
 
Fig. 5.2:  Experimental setup used for the characterization of optofluidic microchips com-
posed of integrated VCSEL arrays, a silicon coupon, and fluidic channels. 
 
During the characterization process, solutions with different dye concen-
trations are distributed through the fluidic channels by pressure driven flow.  A 
tight seal between the PDMS slab, containing the fluidic channels, and the silicon 
platform, hosting the integrated VCSELs, is accomplished by adding a thin layer 
of PDMS between the silicon chip and the PDMS channels.  The thin PDMS pla-
narization layer serves two purposes.  First, it encapsulates and isolates the elec-
trical contacts on the chip from fluids, and second, it forms a flat surface allowing 
for a tight seal between the fluidic channel and the underlying silicon substrate.  
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Figure 5.3 contains top-view micrographs of a microchannel that is attached to a 
silicon host substrate with and without PDMS planarization layer in between. 
 
    
 (a) (b) 
Fig. 5.3:  Top-view micrograph of integrated VCSEL arrays with fluidic channel without 
planarization layer (a) and with thin PDMS planarization layer (b) resulting in a tight seal 
between silicon platform and fluidic channel. 
 
Another issue preventing the gathering of reliable measurement data is the 
random formation of bubbles at the fluid inlet during fluid distribution.  Air bub-
bles can alter measurement results and in some cases even block the entire chan-
nel, thus preventing further fluid flow.  The replacement of metallic interconnects 
between the plastic tubing and fluid inlet with pure silicone tubing that is con-
nected directly to the fluid inlet, along with subsequently sealing the inlet with 
epoxy glue, resolved the issue of bubble formation.  A sequence of micrographs 
showing the fluid distribution during dye characterization is given in Fig. 5.4.  
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The use of a PDMS planarization layer and the sealing of silicon tubing and fluid 
inlets with epoxy glue produces reliable and reproducible measurements. 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 5.4:  Sequence of top-view micrographs showing fluid distribution through a flow chan-
nel positioned over a lasing VCSEL:  (a) empty channel, (b) fluid emerging towards VCSEL, 
and (c) fluid passing over VCSEL. 
 
5.1.2  Absorption Measurements 
Absorption measurements using different concentrations of an infrared ab-
sorbing dye (FHI 8472 from Exciton, Inc.) were performed [1].  The IR dye is 
dissolved in a 1:1 mixture of dimethylsulfoxide (DMSO) and ethylene glycol (EG) 
to yield an absorption maximum at 849 nm.  The dye concentration is varied from 
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0 to 310 µM (µmol/L) in steps of 62 µM (step size of 20%).  Various dye solu-
tions are pressure driven through a microfluidic channel to flow over the inte-
grated VCSELs.  The VCSELs are operated under continuous wave (CW) opera-
tion.  The light transmission from the VCSELs is measured with an external pho-
todetector, as shown in Fig. 5.5.  Multiple LIV measurements are taken to deter- 
 
 
Fig. 5.5:  Photograph of optofluidic microchip with external photodetector used to determine 
the absorption characteristics of infrared die FHI 8472. 
 
mine the sensitivity of the system.  Empty PDMS channels do not show signifi-
cant absorption of the 850-nm laser output light.  However, a significant change 
in output power is observed for fluids containing IR absorbing dye, as shown in 
FIG 5.6.  The maximum output power that is transmitted through the flow channel 
decreases with increasing dye concentration, as one would expect.  The voltage 
remains constant for different dye concentrations during the measurement proce-
dure, which indicates that the VCSELs are well encapsulated and electrically iso-
lated from the fluidic channels.  The microfluidic channels are flushed out be-
tween each set of measurements, and control measurements are taken with 0 µM 
dye concentration to guarantee that the channels are free of dye residuals for the 
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next measurement.  Figure 5.7 shows the absorption characteristics of IR dye 
FHI 8472 at 850 nm by quantifying the light transmission through a fluidic chan-
nel for various dye concentrations.  A sample of five measurements is taken for 
 
      
Fig. 5.6:  LIV characteristics of integrated VCSEL for various dye concentrations. 
 
 
Fig. 5.7:  Normalized peak output power of integrated VCSEL that is transmitted through a 
fluidic channel containing various dye concentrations. 
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each dye concentration.  The mean values of the maximum transmitted output 
power are represented by blue circles.  Based on these measurement results, we 
estimate a detection limit of 13 µM of dye concentration.  Lower detection limits 
could be achieved with either larger sample volumes or with IR dyes with larger 
absorption coefficients. 
 
5.1.3  Fluorescence Measurements 
In a second experiment, fluorescence measurements using near-infrared fluores-
cent dies (IRDye® 800CW from LI-COR, Inc. and Alexa Fluor® 790 from Invi-
trogen, Inc.) are performed.  A cross-sectional schematic of the experimental 
measurement setup is given in Fig. 5.8.  Figure 5.9 gives the emission spectrum of 
die IRDye® 800CW when excited by a single VCSEL emitting at 775 nm.  In Fig. 
5.9(a), the laser excitation peak and the Stokes-shifted dye emission spectra are 
 
 
Fig. 5.8:  Cross-sectional schematic of experimental setup. 
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(a) 
 
 
(b) 
Fig. 5.9:  Spectral characteristics of fluorescent dye IRDye® 800CW.  (a) Laser excitation 
peak at 775 nm, and Stoke-shifted fluorescence signal for various dye concentrations (inset 
picture).  (b) Fluorescence spectra after subtraction of background noise. 
 
plotted on a logarithmic scale.  The inset gives the fluorescence intensity curves 
for different dye concentrations on a linear scale.  The emission spectrum for each 
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dye concentrations after subtraction of the background noise is given in Fig. 
5.9(b).  The measured spectra follow the emission profile of the dye as specified 
by the manufacturer (see gray curve in Fig. 5.9(b)).  The signal response at 790 
nm for various dye concentration is shown in Fig. 5.10.  The relatively high emis-
sion power of 8.5 mW from the 780-nm oxide VCSEL allows for efficient pump- 
 
 
Fig. 5.10:  Signal response at 790 nm for different IR dye concentrations excited by a 780-nm 
oxide VCSEL. 
 
ing of the fluorescent dye.  However, the detected fluorescence signal is fairly 
weak due to poor collection efficiency.  For this experiment, we used a standard 
laser characterization setup that is designed for the detection of very directional, 
high-intensity laser light.  Coupling losses between microscope objective, optical 
fiber, and optical spectrum analyzer are in excess of 20 dB.  Nevertheless, fluo-
rescence signals for concentrations as low as 4.5 µM of molecule concentration 
are detected.  In order to distinguish a dye concentration of 4.5 µM from the 
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background noise, multiple measurements were obtained and the mean values 
were compared.  Concentrations below 4.5 µM cannot reliably be detected due to 
large amounts of optical background noise.  The sensitivity of the system could be 
enhanced by either improving the external light gathering efficiency or by reduc-
ing optical background noise.  Optical noise would be significantly reduced by 
detecting the fluorescence signal perpendicular to the direct path of light from the 
laser excitation source. 
The emission characteristics of fluorescent dye Alexa Fluor® 790, when 
excited by a high-power 7-element VCSEL array using the same microchip inte-
gration scheme, are given in Fig. 5.11.  Due to higher excitation powers, the fluo-
rescent molecules are excited more efficiently, resulting in increased fluorescence 
intensity.  However, since the laser excitation source is pointed directly into the 
 
 
Fig. 5.11:  Spectral characteristics of fluorescent dye Alexa Fluor® 790 when excited by a 7-
element VCSEL array at an output power of 50 mW. 
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microscope objective, large amounts of optical noise cause an overall decrease in 
the system sensitivity.  The resulting limit of detection was found to be 10 µM.  
High excitation powers, in excess of a few milliwatts, only yield improvements 
when the detection of the fluorescence is out of the path of light from the excita-
tion source.  The only exception to this is the use of microscope objectives with a 
very small focal length, which limits the collection of light to fluorescence emis-
sion around the focal point of the excited channel.  However, this is not an option 
for a miniaturized system where optical light gathering components such as mi-
croscope objectives or lenses are eliminated.  Another disadvantage of using high 
excitation power is the resultant increase in dye bleaching.  Typical beaching rates 
of near-infrared fluorophores are on the order of several seconds when excited at 
moderate optical powers (no more than a few milliwatts).  Pulsed laser operation 
or higher flow velocities, allowing for the quick supply of unbleached fluorescent 
dies, are required when dealing with high-intensity laser excitation. 
 
5.2  Fiber-Coupled Laser Diode with Fluidic Channel 
5.2.1  Measurement Procedure 
A fiber-coupled laser diode emitting at 780 nm is integrated with a fluidic 
channel.  A schematic and a photograph of the measurement setup are shown in 
Fig. 5.12.  Fiber grooves in the PDMS slab are used to position the tip of an opti-
cal fiber in close proximity to a fluidic channel.  A cooled, 8-bit, monochromatic 
CCD camera mounted to an optical microscope (Eclipse FN1 from Nikon, Inc.) is 
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(a) 
 
 
(b) 
Fig. 5.12:  Measurement setup shown by (a) cross-sectional schematic and (b) photographs. 
 
employed to detect the fluorescence emission from the dye molecules.  To gather 
the weak fluorescence light, a 20× microscope objective is used.  Between the mi-
croscope objective and CCD camera, a longpass edge filter (LP02-785RE-25 
from Semrock, Inc.) is positioned to reject any scattered laser light coming from 
the excitation source.  This measurement setup allows for the excitation of fluoro-
phores in-plane of the fluidic channel while the fluorescence emission is detected 
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out-of-plane, which produces a significant reduction of optical background noise.  
Fluids of different dye concentrations are distributed through the fluidic channel 
by pressure driven flow with a constant flow rate of 7 µL/min.  A precision sy-
ringe pump (Harvard Pump 11 Plus Dual Syringe from Harvard Apparatus, Inc.) 
is employed for controlled fluid distribution, since the flow rate can affect the flu-
orescence intensity during measurements.  Figure 5.13 is a photograph of the op-
tofluidic microchip showing the flow channel, the fiber grooves, and the optical 
fiber. 
 
 
Fig. 5.13:  Optofluidic microchip containing fluidic channel and fiber grooves allowing for 
the placement of an optical fiber in close proximity to the flow channel. 
 
5.2.2  Fluorescence Measurements 
We use the fluorescent dye Alexa Fluor® 790 for the characterization of 
the optofluidic microchip.  Alexa Fluor® 790 is an amine-reactive fluorescent dye 
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that is suitable for the functionalization of proteins, amine-modified oligonucleo-
tides, and other amine-reactive compounds.  The dye molecules have an active 
succinimidyl ester group that produces stable carboxamide bonds upon conjuga-
tion to primary amines (R - NH2) located on peptides, proteins, or amine-modified 
nucleic acids.  Succinimidyl esters are preferred over other amine-reactive rea-
gents, such as isothiocyanates, for the attachment of fluorophores to amine-
containing molecules, because the amide bonds formed in the reaction are as sta-
ble as peptide bonds.  These characteristics make the fluorescent dye Alexa 
Fluor® 790 well suited for the functionalization of proteins and the execution of 
protein binding assays in solution.  The performance of homogeneous assays us-
ing the dye Alexa Fluor® 790 in conjunction with the optofluidic microchip will 
be discussed in the last chapter of this dissertation. 
In order to determine the performance of the fabricated optofluidic micro-
chip, fluorescence emission from the dye molecules at different concentrations is 
measured.  Alexa Fluor® 790 has a molecular weight of ~1750 (g/mol) and is 
supplied by Invitrogen, Inc. in a unit size of 100 µg (desiccated in a plastic cu-
vette).  A stock solution with a concentration of 100 µM is prepared by adding 
571 µL of high-quality, anhydrous DMSO to the plastic cuvette.  We determine 
how many moles of dye are contained in the plastic cuvette by using the following 
calculation: 
 
5.71 × 10−8 (𝑚𝑜𝑙) = 11750 �𝑚𝑜𝑙𝑔 � × 100 (µ𝑔) 11 × 106  � 𝑔µ𝑔� 
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The 0.0571 µmol of dye in the plastic cuvette are diluted by 571 µL of DMSO to 
yield a concentration of 100 µM.  The required volume of DMSO is calculated as 
follows: 
 
5.71 × 10−4 (𝐿) = 1100 � 𝐿µ𝑚𝑜𝑙�  ×  1 ×  1061  �µ𝑚𝑜𝑙𝑚𝑜𝑙 �  ×  5.71 × 10−8 (𝑚𝑜𝑙)  
 
By further diluting the stock solution with DMSO, various dye concentrations 
ranging from 25 to 5,000 nM are prepared.  The absorption and emission charac-
teristics of fluorescent dye Alexa Fluor® 790, measured using a commercial fluo-
rometer, are given in Fig. 5.14. 
The absorption and emission peak wavelengths are 799 and 853 nm, re-
spectively, with a Stokes shift of 54 nm.  The maximum extinction coefficient is 
found to be 396,100 M-1 cm-1, as can be seen from Fig. 5.14.  The extinction coef-
ficient of the fluorescent dye is calculated using Beer-Lamberts law, which is giv-
en by 
 
𝐴 = 𝑙𝑜𝑔10 �𝐼𝑜𝐼 � = 𝜀 𝑙 𝑐            (5.1) 
 
where A is the absorbance of the dye solution, Io is the intensity that is transmitted 
through a reference cuvette, I is the intensity that is transmitted through the cu-
vette containing the fluorescent dye, ε is the extinction coefficient of the dye, l is 
the length of the cuvette, and c is the concentration of the dye solution. 
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Fig. 5.14:  Absorption and emission characteristics of fluorescent dye Alexa Fluor® 790 
when dissolved in DMSO. 
 
Fluorescence images of the excited fluorophores are captured by a cooled 
CCD camera.  The resulting top-view micrographs for various dye concentrations 
are shown in Fig. 5.15.  For these images, an exposure time of 400 ms and a cam-
era gain of 4× were used.  The fluorescence intensity increases with increasing 
dye concentration, and the CCD camera starts to saturate for concentrations high-
er than 500 nM.  Furthermore, the width of the fluorescence profile increases for 
increasing dye concentration, since weak laser light from the periphery of the ex-
citation beam becomes sufficient to excite solutions with higher dye concentration.  
Control measurements at 0 nM do not show any optical background noise because 
all the backscattered light from the excitation laser is sufficiently rejected by the 
longpass filter.  In addition, positioning the optical fiber perpendicular to the CCD 
camera further helps to keep the optical noise to a minimum.  Cross-sectional pro-
files of fluorescence images, captured with an exposure time of 400 ms and a 
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camera gain of 1×, are shown in Fig. 5.16.  We use a small gain setting of 1× in 
order to prevent camera saturation for higher concentration measurements. 
 
       
 (a) (b) 
 
       
 (c) (d) 
 
       
 (e) (f) 
 
       
 (g) (h) 
Fig. 5.15:  Top-view micrographs of fluorescent dye Alexa Fluor® 790 excited by a pigtailed 
laser diode at concentrations of (a) 0 nM, (b) 25 nM, (c) 50 nM, (d) 100 nM, (e) 250 nM, (f) 
500 nM, (g) 1000 nM, and (h) 5000 nM. 
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Fig. 5.16:  Cross-sectional intensity profiles of fluorescence images for various dye concen-
trations.  A camera exposure time of 400 ms and a gain of 1× is used. 
 
A plot of normalized peak fluorescence intensity versus dye concentration 
is shown in Fig. 5.17.  The fluorescence intensity increases with increasing dye 
concentration, as one would expect.  A concentration of 25 nM could be repeated-
ly detected; however, the data points do not follow the expected linear depen-
dence as predicted by the Beer-Lambert law.  Intensity measurements for concen-
trations above 1 µM are either limited by dye saturation or saturation of the CCD 
camera.  The latter is more likely, since all intensity measurements for a concen-
tration of 5 µM yielded the same maximum detectable signal.  For dye concentra-
tions ranging from 50 to 1000 nM, a linear increase in fluorescence intensity was 
observed.  A standard deviation less than 2% from the mean value was recorded 
for all data points using a sample size of five measurements.  A standard deviation 
of 16% from its mean value was observed only for the lowest detectable concen- 
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Fig. 5.17:  Fluorescence peak intensity values for various dye concentrations.  A camera ex-
posure time of 400 ms and a gain of 1× is used. 
 
tration of 25 nM.  The large standard deviation for the 25 nM data point suggests 
that concentrations below 50 nM cannot reliably be measured with these camera 
settings.  A lower limit of detection is achievable for longer camera exposure 
times or higher-gain settings, since these measurements were not limited by opti-
cal background noise.  The dynamic range of the 8-bit CCD camera does not al-
low for the detection of very large concentration variations.  Use of a low-noise 
PIN photodetector will probably help to improve the dynamic range [2]-[6]. 
For all measurements, the pigtailed laser diode is operated under conti-
nuous wave operation at 45 mA, to yield an output power of roughly 3 mW.  At 
these laser settings, photobleaching of the fluorescent molecules is observed, and 
an increase in fluorescence emission is detected for increasing flow rates.  Conse-
quently, the flow rate needs to be stringently controlled during measurement to 
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guarantee reproducible results.  Photobleaching of the fluorescent dye is most 
likely caused by the relatively high intensity of the laser excitation.  Light from 
the pigtailed laser diode is emitted from a 62.5 µm fiber core, which means that 
laser intensities of roughly 100 W/cm2 can be found near the fiber tip.  A more 
uniform illumination of the channel can be achieved by using larger core optical 
fibers or by integrating multiple fibers in parallel. 
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CHAPTER 6 
 
SUMMARY OF RESEARCH 
 
 
6.1  Summary 
This dissertation describes the design, fabrication, and characterization of 
vertical-cavity surface-emitting lasers (VCSELs), PIN GaAs photodetectors, mul-
tilayer interference filters, silicon host substrates, and microfluidic channels to be 
used as system components for integration into an optofluidic microchip.  Various 
microchip designs were discussed, and their performance was analyzed using flu-
orescence measurements.  The main goal of this dissertation was to demonstrate a 
miniaturized fluorescence sensor that has multiple system components integrated 
on the chip level.  The results of this dissertation may enable future lab-on-a-chip 
fluorescence sensors for the fast diagnosis of common illnesses in the developing 
world, on the battlefield, or in a consumer’s home. 
In Chapter 2, we discussed the design and fabrication of optofluidic mi-
crochip components.  We started with the design and fabrication of VCSEL struc-
tures yielding single-mode emission, a stable low-divergence optical output beam, 
and low power consumption.  Noise from laser sources, induced by modal compe-
tition and random polarization switching, can reduce a microsystem’s overall sig-
nal-to-noise ratio and thus limit its sensitivity.  Single-mode photonic crystal 
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VCSELs can minimize these effects and, as a result, increase sensitivity.  The 
drawback of single-mode VCSELs is their low maximum achievable output pow-
er that is typically on the order of a few milliwatts.  For applications where larger 
output powers are desired, high-power multimode VCSELs can be used.  There-
fore, we also designed and fabricated high-power multimode 780-nm VCSELs ar-
ranged in 2-dimensional arrays suitable for efficient excitation of fluorescent mo-
lecules.  VCSELs arranged in 2-dimensional arrays also allow for further optimi-
zation of beam properties such as single-mode or single-polarization emission at 
wavelengths in the visible range of the optical spectrum (all at the cost of output 
power) while maintaining reasonably high output powers.  Furthermore, we de-
scribed the development of high-sensitivity, low dark current PIN GaAs photode-
tectors suitable for the detection of weak fluorescence light.  Design considera-
tions such as large detector surface areas, capable of gathering weak intensity 
light, and a thick, intrinsic epitaxially grown absorption layer, suitable for high 
conversion efficiencies, were investigated and inherent trade-offs such as low 
bandwidth and high dark currents were evaluated.  Furthermore, we discussed the 
design of a multilayer interference filter.  The design challenge here was the de-
velopment of a fluorescence filter with high blocking density in the stopband, 
high transmission in the passband, and a steep transition edge between them, 
while keeping the total filter thickness to a minimum.  Next, we described the fa-
brication of polydimethylsiloxane (PDMS) microfluidic channels cast from a SU-
8 master mold.  Finally, the design and fabrication of silicon coupons, which 
serve as the system component integration platforms, were discussed in detail. 
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In Chapter 3, we performed device characterization of microchip compo-
nents, such as VCSEL arrays, large area photodetectors, and multilayer interfe-
rence filters.  Electrical and optical characteristics of high-power 2-dimensional 
VCSEL arrays emitting at 780 nm, analysis of far-field beam properties for vari-
ous array designs, and a study of polarization behavior for VCSELs with rectan-
gular mesa structures were discussed.  Then, we presented measurement results of 
PIN GaAs photodetectors and investigated responsivity as well as dark current 
properties.  We also examined optical blocking density, transition edge steepness, 
and transmission characteristics of two commercially available fluorescence inter-
ference filters and evaluated their suitability for hybrid integration with an optof-
luidic microchip. 
In Chapter 4, we investigated various hybrid integration schemes for the 
incorporation into an optofluidic microsystem of system components, such as 
VCSEL arrays, pigtailed laser diodes, large area photodetectors, fluorescence in-
terference filters, and microfluidic channels.  The main goal was to integrate mul-
tiple system components into a single microchip.  The hybrid integration schemes 
examined eliminated the need for the complex epitaxial structures that are re-
quired for the monolithic integration of lasers and detectors.  For the fabrication 
of the optofluidic microchips presented here, only standard epitaxial structures 
were used.  Advantages over monolithically integrated VCSEL/PIN detector ap-
proaches, which result in inherent trade-offs, were discussed.  For instance, a hy-
brid integration allows system components to be optimized independently and, in 
the case of different laser sources, can provide sensing capabilities at multiple 
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wavelengths.  Hybrid integration can also minimize electrical and optical cross-
talk between system components, resulting in improved overall performance.  For 
the optofluidic microchips presented here, all the optoelectronic elements were 
combined into one sensing platform while keeping the fluidic element in a sepa-
rate detachable unit.  This integration scheme enabled reuse of the sensing plat-
forms and facilitated cleaning of the fluidic channels in case of contamination. 
In Chapter 5, we characterized the optofluidic microchips.  High-
brightness near-infrared fluorescent dyes were excited by various laser sources, 
and fluorescence emission of the fluorophores and absorption of the excitation 
light were measured by external equipment such as optical spectrometers, pre-
packaged photodetectors, or CCD cameras.  Sealing issues between optoelectron-
ic and fluidic components, formation of air bubbles at microfluidic inlets, and 
measurement uncertainties depending on fluid flow rates were addressed and so-
lutions were presented. 
 
6.2  Future Directions 
This dissertation has opened many avenues for possible work on optoflui-
dic microchips.  This section briefly discusses further possibilities for work on in-
tegrating all system components into one compact optofluidic microchip that are 
required for on-chip fluorescence spectroscopy.  Such integration schemes would 
enable further miniaturization of the optofluidic microchips and increase their 
sensing capability. 
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One direction for research could be the demonstration of the biomedical 
sensing potential of the optofluidic microchips with the performance of a 
homogeneous binding assay.  The basic principle behind the possible exploration 
of such a binding assay is outlined and the potential real-world applications of on-
chip HIV detection are discussed.  The feasibility of fluorescence polarization 
spectroscopy on the chip-level is another interesting avenue, and we examine the 
required system components for such a detection scheme.  We also outline the 
possibility of incorporating an integrated digital circuit into the silicon coupon to 
control laser sources and detector units, and help with signal amplification, 
processing, and data read-out.  Last but not least, the increase in the complexity of 
the microfluidic channels is suggested.  More complex microfluidic channel struc-
tures such as pneumatic valves, peristaltic pumps, and microchambers could ena-
ble on-chip sample preparation, mixing, handling, and separation of fluids. 
One significant improvement to the presented optofluidic microsystems 
could be the hybrid integration of all system components into one compact optof-
luidic microchip.  For such integration, it will be of great importance to position 
the detector die out of the direct path of light from the laser excitation source.  An 
angled integration scheme, first proposed in Section 4.4, showed the incorporation 
of 2-dimensional VCSEL arrays with a silicon substrate along the (111) etch 
plane.  In order to collimate the output beam from the VCSEL arrays, a graded re-
fractive index (GRIN) rod could be used.  Such a GRIN rod would allow uniform 
illumination of a fluidic channel regardless of the VCSEL’s modal far-field pro-
file.  Due to the large distance between the fluidic channel and integrated detector, 
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a microlens could be employed to gather fluorescent light, as shown in Fig. 6.1.  
However, ray tracing simulations have shown that such a lens would not increase 
significantly the overall collection efficiency of the optofluidic microchip.  Never-
theless, the integration of a microlens, with its high optical clarity, could reduce 
background noise from optical scattering.  Even with the use of high-purity sili-
cones, optical noise resulting from scattering and autofluorescence in PDMS will 
always be greater than that from a temperature-treated high-quality lens material.  
Therefore, a GRIN rod and a microlens could serve a dual purpose.  First, they 
could help collimate the laser excitation beam and the collection of the isotropi-
cally emitted fluorescence light.  Second, they could reduce the optical path 
length that the light would travel through the PDMS planarization layer. 
 
 
Fig. 6.1:  Cross-sectional schematic of optofluidic microchip showing incorporation of a mi-
crolens to gather fluorescent light and minimize optical noise resulting from autofluores-
cence of the PDMS planarization layer. 
 
However, by removing the microlens, the fluidic channel could be placed 
in close proximity to the detector die.  In order to realize such a tight integration, 
the geometric limitation of 54.7º sloped sidewalls (resulting from the silicon wet-
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etch process) would have to be overcome.  VCSEL dies could be integrated at a 
steeper angle when using conductive silver epoxy as filler material, although with 
the trade-off of more complex assembly.  The cross-sectional schematic of such 
an integration scheme is given in Fig. 6.2.  The vertical distances between the 
fluidic channel and the photodetector for the configurations shown in Fig. 6.1 and 
6.2 are 1100 and 420 µm, respectively.  The cross-sectional schematics, with all 
the optofluidic microchip system components, are drawn to scale. 
 
 
Fig. 6.2:  Cross-sectional schematic of optofluidic microchip showing integration of fluidic 
channel and detector die in close proximity to each other. 
 
Another future experiment would be to demonstrate the biomedical 
sensing capabilities of the optofluidic microchip.  Two homogeneous binding as-
says might be considered.  The optofluidic microchip designs presented in this 
dissertation (with system components such as VCSEL excitation sources emitting 
at 780 nm, GaAs PIN photodetectors with a responsivity maximum around 850 
nm, and a fluorescence longpass filter with a transition edge close to 800 nm) 
would be suitable for fluorescence probes absorbing and emitting in the near-
infrared region of the optical spectrum.  Therefore, the fluorescent dye Alexa 
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Fluor® 790 could be a suitable optical marker for homogeneous binding assays in 
conjunction with our optofluidic microchips.  Furthermore, the fluorescent 
quencher IRDye QC-1 (Li-Cor Biosciences, Inc.) could be used in combination 
with dye Alexa Fluor® 790.  Using such a bundle of fluorescent dye and corres-
ponding quencher, a simple protein-protein binding assay could be conducted.  
The functional principle of such a homogeneous binding assay using a fluorescent 
dye labeled ligand and a quencher labeled biomolecule is shown in Fig. 6.3. 
 
 
(a) 
 
 
(b) 
Fig. 6.3:  Functional principle of homogeneous binging assay.  (a) No binding between ligand 
and biomolecule results in strong fluorescence emission.  (b) In case of a binding event, a re-
duction in fluorescence emission is observed due to close proximity of fluorescent dye and 
quencher. 
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Such a binding assay could be comprised of protein A as ligand to test for affini-
ties with antibody molecules, such as human immunoglobulin G (IgG), as a posi-
tive control and chicken IgG, with its low affinity, as a negative control.  A strong 
fluorescence signal will be detected when no binding between ligand and biomo-
lecule occurs.  In the case of a binding event, fluorescent dye and quencher will 
be held in close proximity to each other, resulting in a decrease in fluorescence in-
tensity.  For efficient quenching, the quencher absorption spectrum must overlap 
the emission profile of the fluorescent dye.  Furthermore, the quencher can only 
have vibrational states with non-radiative transitions, since the light emitted at a 
longer wavelength from a fluorescent quencher dye would not be rejected by the 
longpass fluorescence filter. 
A binding assay with the real-world application of on-chip immunodefi-
ciency virus (HIV) detection and drug screening would also be possible.  In the 
life cycle of HIV, the HIV-1 protease performs an essential step by cleaving Gag 
and Gag-Pol polyproteins into constituent proteins that make up infectious virus 
particles [1].  Anti-AIDS drugs that target HIV-1 protease have proven to substan-
tially suppress HIV viral replication and, as a result, have dramatically reduced 
mortality among HIV infected patients [2],[3].  The proposed HIV-1 assay would 
provide a sensitive method to detect protease activity that could determine the po-
tency of inhibitors and, thus, be used for screening of compound collections for 
the discovery of drug candidates.  Figure 6.4 diagrams the functional principle of 
such a HIV-1 protease assay, using the dye-quencher compound IRDye 800 CW / 
IRDye QC-1 HIV-1, which is supplied by Li-Cor Bioscience, Inc.  If HIV-1 pro- 
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Fig. 6.4:  Schematic of HIV-1 protease assay. 
 
tease is present in the solution, the peptide substrate that connects fluorescent dye 
and quencher is cleaved, and, as a result, the fluorescent signal of the dye is res-
tored.  The IRDye HIV-1 protease assay utilizes near-infrared excitation (780 nm) 
and near-infrared detection (820 ± 10 nm) and thus would be an excellent candi-
date for implementation with our optofluidic microchip. 
In addition to on-chip fluorescence sensing, the hybrid integration 
schemes outlined in this dissertation could be used for the realization of on-chip 
fluorescence polarization spectroscopy.  For this measurement scheme, laser 
sources with single-polarization and polarization-sensitive photodetectors would 
be required.  Single-polarization VCSELs can be fabricated by etching a surface 
grating [4], [5] into the top facet of a rectangular VCSEL.  The anisotropy intro-
duced by the surface grating in conjunction with a rectangular mesa, when the 
surface grating and the elongated side of the mesa are aligned in parallel, will 
146 
produce laser light that is highly polarized along the surface grating direction.  In-
dividually addressable detector elements with integrated polarization filters could 
sense polarization changes in the fluorescent molecule emission.  Fluorescence 
polarization spectroscopy capabilities at the chip-level could have a tremendous 
impact on the development of new drug compounds. 
Finally, the proposed optofluidic microchips would allow for increased 
functionality when integrating additional components with the silicon host sub-
strate.  Not only could multiple wavelength capabilities be achieved with the hy-
brid integration of laser sources emitting at different wavelengths, but the incor-
poration of an integrated digital circuit into the silicon coupon could also be rea-
lized.  For example, the integration of a driver circuit or a digital signal processing 
(DSP) unit could drive laser sources, control detector units, and facilitate signal 
amplification, processing, and data read-out.  Furthermore, an increase in the 
complexity of the microfluidic channel structure would allow for improved fluidic 
capabilities such as on-chip sample preparation, mixing, handling, and separation 
of fluids.  For example, the incorporation of resistive microheaters on the silicon 
substrate in combination with fluidic microchambers could enable on-chip poly-
merase chain reactions, which would allow the amplification of DNA at the chip-
level.  By integrating these functionalities onto a single optofluidic microchip, the 
vision of creating a truly integrated µTAS would become reality. 
The emerging field of optofluidics offers many opportunities for innova-
tion, and it will be interesting to see how this research field will develop in the 
future. 
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APPENDIX A 
 
VCSEL ARRAY PROCESS FOLLOWER 
 
 
1. Backside Metal Deposition (n-type metal) 
 
__ Metallization Acetone / Iso / DI / Iso / N2 dry 
 400 Å AuGe / 200 Å Ni / 1500 Å Au 
 
 
 
 
2. Top Metal Deposition (p-type metal) 
 
__ Clean Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125ºC for 3 min) 
 
__ Photo Lithography HMDS 
 AZ 4330 spread: 500 rpm – 3 s 
 AZ 4330 spin: 5000 rpm – 30 s 
 Prebake: 95 ºC – 90 s 
 
 Mask: EDGE BEAD MASK 
 Exposure: Aligner C – 1 min 
 Develop: AZ 400K – 60 s 
 
 Mask: WRI VCSEL ARRAYS 09 - TOP METAL 
 Exposure: Aligner C – 10 s 
 Develop: AZ 400K – 75 s 
 
__ Oxygen Descum O2 plasma: 300 W – 3 min 
 DI rinse: 30 s 
 
__ Oxide Removal 30% NH4OH:DI (1:5): 30 s (strong agitation) 
 Dilute beaker with fresh DI for 5 min 
 N2 dry, load sample immediately 
 
__ Metallization 150 Å Ti / 1500 Å Au 
 
__ Lift Off Soak in acetone: 40 ºC – 10 min 
 Acetone squirt gun 
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3. SiO2 Deposition 
 
__ SiO2 PECVD Acetone / Iso / DI / Iso / N2 dry 
 Power: 6.7% Heater: 300 ºC Pressure: 1000 mT 
 N2O: 80% SiH4: 37.2% Time: 20 min 
 Deposition: ~4500 Å (rate 230 Å/min) 
 
 
 
 
4. Trench Photo Lithography 
 
__ Clean Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 
__ Photo Lithography HMDS 
 AZ 5214 spread: 500 rpm – 3 s 
 AZ 5214 spin: 4000 rpm – 30 s 
 Prebake: 110 ºC – 45 s 
 Edge bead removal: swab and acetone 
 
 Mask: WRI VCSEL ARRAYS 09 - PLANARIZATION 
 Exposure: Aligner A – 25 s 
 Develop: AZ 327MIF – 38 s 
 
 
 
 
5. Pattern Transfer Using Freon RIE 
 
__ SiO2 Etch Gas: CF4 Flow: 60% 
 Power: 20% Pressure: 35 mT Time: 25 min 
__ PR Mask Removal Acetone / Iso / DI / Iso / N2 Dry 
 
 
 
 
6. ICP Etch of Trenches 
 
__ Clean Chamber O2: 20 sccm Pressure: 10 mT 
 RF1: 200 W RF2: 500 W Time: 30 min 
 
__ Predeposition Ar: 2.5 sccm SiCl4: 2 sccm Pressure: 2 mT 
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 RF1: 35 W RF2: 105 W Time: 10 min 
 
__ ICP Etch Ar: 2.5 sccm SiCl4: 2 sccm Pressure: 2 mT 
 RF1: 35 W RF2: 105 W Time: 16 min 
 DC bias: 120 to 130 V Etch rate: ~0.35 µm/min 
 
 
 
 
7. Implant Photo Lithography 
 
__ Clean Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 
__ Photo Lithography HMDS 
 AZ 9260 spread: 500 rpm – 3 s 
 AZ 9260 spin: 5000 rpm – 30 s 
 1st prebake: 110 ºC – 5 min 
 
 Apply second PR layer and spin immediately 
 AZ 9260 spin: 5000 rpm – 30 s 
 2nd prebake: 110 ºC – 5 min 
 
 Mask: EDGE BEAD MASK 
 Exposure: Aligner C – 4 min 
 Develop: AZ 421K – 1 min 
 Swab edges using acetone 
 
 Mask: WRI VCSEL ARRAYS 09 - MESA ETCH 
 Exposure: Aligner C – 1.5 min 
 Develop: AZ 421K – 1 min + 45 s 
 
__ Oxygen Descum O2 plasma: 300 W – 5 min 
 DI rinse: 30 s 
 
__ Inspection Check PR pattern under optical microscope and SEM 
 Alphastep PR pillars (expected thickness >10 µm) 
 
__ Ion Implantation Tape sample to 2″ silicon wafer and mail to Kroko 
 Stacked implant with 7º tilt 
 
 
 
 
8. SiO2 Removal Using Freon RIE 
 
__ SiO2 Etch Gas: CF4 Flow: 60% 
 Power: 20% Pressure: 35 mT Time: 20 min 
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__ PR Mask Removal Soak in acetone at 90 ºC for 10 min 
 O2 plasma: 700 W – 10 min 
 Clean sample using acetone squirt gun 
 Repeat O2 plasma and acetone cleaning three times 
 
 
 
 
9. ICP Etch of Cap Layer 
 
__ Clean Chamber O2: 20 sccm Pressure: 10 mT 
 RF1: 200 W RF2: 500 W Time: 30 min 
 
__ Predeposition Ar: 2.5 sccm SiCl4: 2 sccm Pressure: 2 mT 
 RF1: 35 W RF2: 105 W Time: 10 min 
 
__ ICP Etch Ar: 2.5 sccm SiCl4: 2 sccm Pressure: 2 mT 
 RF1: 35 W RF2: 105 W Time: 45 s 
 DC bias: 120 to 130 V Etch rate: ~0.35 µm/min 
 
 
 
 
10. SiO2 Etch Mask Removal Using Freon RIE (Test Piece) 
 
__ SiO2 Etch Gas: CF4 Flow: 60% 
 Power: 20% Pressure: 35 mT Time: 20 min 
 
 
 
 
11. Wet Oxidation 
 
__ Test Oxidation N2 flow: 25 Temperature: 410 ºC 
 Time: ~30 min Oxidation rate: ~0.5 µm/min 
 Bubbler: 96 ºC (temperature setting 7) 
 Real oxidation rate: ____ µm/min 
 
__ Real Oxidation N2 flow: 25 Temperature: 410 ºC 
 Bubbler: 96 ºC (temperature setting 7) 
 Time: ____ min Oxidation rate: ____ µm/min 
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12. SiO2 Etch Mask Removal Using Freon RIE (Real Piece) 
 
__ SiO2 Etch Gas: CF4 Flow: 60% 
 Power: 20% Pressure: 35 mT Time: 10 min 
 Total etch time: 10 + ____ min (2 min increments) 
 
__ Electrical Testing Aperture size: ____ µm 
 
 
 
 
13. Planarization of Trenches 
 
__ Clean Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 
__ Photo Lithography HD 4001 spread: 500 rpm – 3 s 
 HD 4001 spin: 4000 rpm – 60 s 
 Edge bead removal: razor blade 
 Prebake: 90 ºC – 5 min 
 
 Mask: High Power VCSELS - Fan metal + Polyimide 
 Exposure: Aligner C – 60 s 
 Develop: HD 4001 D – 70 s 
 Rinse: HD 4001 R – 30 s 
 Alphastep: ____ µm 
 
__ Polyimide Cure Ramp: 5 ºC/min Set: 200 ºC Time: 30 min 
 Ramp: 2 ºC/min Set: 375 ºC Time: 2 hr 
 Ramp: 10 ºC/min Set: 120 ºC Time: 10 min 
 Expected shrinkage: ~60% of original thickness 
 
__ Etch Back Master / Slave RIE 
 Power: 30% O2: 60% CF4: 10% 
 Pressure: 200 mT Time: 2 min Rate: ~0.16 µm/min 
 
 
 
 
14. Fan Metal Deposition (p-type metal) 
 
__ Clean Acetone / Iso / DI / Iso / DI / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 
__ Photo Lithography LOR 30B spread: 500 rpm – 3 s 
 LOR 30B spin: 4000 rpm – 60 s 
 Edge bead removal: swab and EBR 
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 Prebake: 170 ºC – 5 min Ramp: 2 ºC/min 
 Edge bead removal: swab and EBR 
 
 AZ 5214 spread: 500 rpm – 3 s 
 AZ 5214 spin: 4000 rpm – 30 s 
 Prebake: 110 ºC – 45 s 
 Edge bead removal: swab and acetone 
 
 Mask: High Power VCSELS - Fan metal + Polyimide 
 Exposure: Aligner A – 25 s 
 Develop: AZ 327MIF – 40 s 
 Postbake: 125 ºC – 60 s 
 Develop: AZ 400K – 2 min + 15 s 
 Check PR pattern: small undercut is desired 
 
__ Oxygen Descum O2 plasma: 300 W – 3 min 
 DI rinse: 5 min 
 
__ Metallization 150 Å Ti / 8000 Å Au 
 
__ Lift Off Soak in EBR: 80 ºC – 45 min 
 Acetone squirt gun 
 
 
 
 
15. Sample Thinning 
 
__ Mounting Heat male plug on Cimorec hot plate to 450 ºC (setting 7) 
 Coat top of plug with wax 
 Remove plug from hot plate with tongs 
 Place samples face down on plug (put weights on sample) 
 When plug has cooled, remove weights 
 Clean wax of plug using clean room wipe and acetone 
 Measure thickness of samples, zero thickness 
 
__ Lapping Place a heap of lapping powder onto glass plate 
 Add a little bit of water to the powder 
 Make 25 figure-eights with the male plug 
 Repeat four times, turning the sample 90º each time 
 Clean sample and measure thickness 
 Repeat lapping steps until thickness is ~7 mil 
 
__ Polishing Place a heap of polishing powder onto polishing plate 
 Add a little bit of water and bleach to the powder 
 Make 25 figure-eights with the male plug 
 Repeat four times, turning the sample 90º each time 
 Clean sample and inspect backside 
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 Repeat polishing steps until backside looks shiny 
 
__ Remove Samples Place male plug on Cimorec hot plate (350 ºC) 
 Remove plug from hot plate with tongs 
 Gently push sample onto cleanwipe soaked in acetone 
 Place sample in acetone beaker at 90 ºC for 10 min 
 Replace acetone and soak sample at 90 ºC for 10 min 
 Place sample in methanol beaker at 90 ºC for 5 min 
 Place sample in isopropanol beaker at 90 ºC for 5 min 
 N2 dry sample 
 
 
 
 
16. Backside Metal Deposition (n-type metal) 
 
__ Metallization Acetone / Iso / DI / Iso / N2 dry 
 400 Å AuGe / 200 Å Ni / 1500 Å Au 
 
 
 
 
17. Annealing of Contacts 
 
__ RTA Place sample face down on GaAs wafer 
 Anneal at ~400 ºC for 45 s 
 
 
 
 
18. Cleave VCSEL Dies 
 
__ Cleave Nick top side of sample using tungsten scribe 
 Place sample face down on vinyl mouse pad 
 Apply slight pressure using carbon fiber tip tweezer 
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APPENDIX B 
 
PHOTODETECTOR PROCESS FOLLOWER 
 
 
1. Backside Metal Deposition (n-type metal) 
 
__ Metallization Acetone / Iso / DI / Iso / N2 dry 
 400 Å AuGe / 200 Å Ni / 1500 Å Au 
 
 
 
 
2. Top Metal Deposition (p-type metal) 
 
__ Clean Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 
__ Photo Lithography HMDS 
 AZ 4330 spread: 500 rpm – 3 s 
 AZ 4330 spin: 5000 rpm – 30 s 
 Prebake: 95 ºC – 90 s 
 
 Mask: EDGE BEAD MASK 
 Exposure: Aligner C – 1 min 
 Develop: AZ 400K – 60 s 
 
 Mask: FLUORESCENCE DETECTORS 
   TOP METAL / FAN METAL 
 Exposure: Aligner C – 10 s 
 Develop: AZ 400K – 75 s 
 
__ Oxygen Descum O2 plasma: 300 W – 3 min 
 DI rinse: 30 s 
 
__ Oxide Removal 30% NH4OH:DI (1:5): 30 s (strong agitation) 
 Dilute beaker with fresh DI for 5 min 
 N2 dry, load sample immediately 
 
__ Metallization 100 Å Ti / 100 Å Pt / 1500 Å Au 
 
__ Lift Off Soak in acetone: 40 ºC – 10 min 
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 Acetone squirt gun 
 
 
 
 
3. Mesa Photo Lithography 
 
__ Clean Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 
__ Photo Lithography HMDS 
 AZ 9260 spread: 500 rpm – 3 s 
 AZ 9260 spin: 5000 rpm – 30 s 
 Prebake: 110 ºC – 5 min 
 
 Mask: EDGE BEAD MASK 
 Exposure: Aligner C – 4 min 
 Develop: AZ 421K – 60 s 
 Swab edges using acetone 
 
 Mask: FLUORESCENCE DETECTORS 
  MESA ETCH / PLANARIZATION 
 Exposure: Aligner C – 1.5 min 
 Develop: AZ 421K – 40 s 
 
__ Oxygen Descum O2 plasma: 300 W – 3 min 
 DI rinse: 30 s 
 
 
 
 
4. Mesa Wet-Etch 
 
__ Oxide Removal 30% NH4OH:DI (1:5): 30 s (strong agitation) 
 Dilute beaker with fresh DI for 5 min 
 N2 dry 
 
__ GaAs Wet-Etch Use Teflon beaker and tweezers 
 85% H3PO4:30% H2O2:DI (1:1:10): 8 min 
 Etch rate: ~0.59 µm/min 
 Use magnetic stirrer at 100 rpm to agitate solution 
 DI rinse: 30 s 
 
 30% H2O2: 10 s 
 DI rinse: 30 s 
 40% HCl:DI (1:1): 15 s (strong agitation) 
 Dilute beaker with fresh DI for 10 min 
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__ PR Mask Removal Acetone / Iso / DI / Iso / N2 Dry 
 Load sample immediately in STS PECVD 
 
 
 
 
5. Si3N4 Sidewall Passivation 
 
__ STS PECVD Use mixed frequency recipe: Matz_MF 
 Time: 25 min 
 Deposition: ~3300 Å (rate 135 Å/min) 
 
 
 
 
6. Planarization of Mesas 
 
__ Clean Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 
__ Photo Lithography HD 4001 spread: 500 rpm – 3 s 
 HD 4001 spin: 4000 rpm – 60 s 
 Edge bead removal: razor blade 
 Prebake: 90 ºC – 5 min 
 
 Mask: FLUORESCENCE DETECTORS 
  MESA ETCH / PLANARIZATION 
 Exposure: Aligner C – 60 s 
 Develop: HD 4001 D – 70 s 
 Rinse: HD 4001 R – 30 s 
 Alphastep: ____ µm 
 
__ Polyimide Cure Ramp: 5 ºC/min Set: 200 ºC Time: 30 min 
 Ramp: 2 ºC/min Set: 375 ºC Time: 2 hr 
 Ramp: 10 ºC/min Set: 120 ºC Time: 10 min 
 Expected shrinkage: ~60% of original thickness 
 
__ Etch Back Master / Slave RIE 
 Power: 30% O2: 60% CF4: 10% 
 Pressure: 200 mT Time: 2 min Rate: ~0.16 µm/min 
 
 
 
 
7. Si3N4 Etch Back Using Freon RIE 
 
__ Si3N4 Etch Gas: CF4 Flow: 60% 
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 Power: 20% Pressure: 35 mT Time: 5 min 
 Total etch time: 5 + ____ min (1 min increments) 
 
__ Electrical Testing Measure diode characteristics 
 Turn on voltage: ____ V 
 Dark current: ____ pA 
 
 
 
 
8. Fan Metal Deposition (p-type metal) 
 
__ Clean Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 
__ Photo Lithography HMDS 
 AZ 9260 spread: 500 rpm – 3 s 
 AZ 9260 spin: 5000 rpm – 30 s 
 Prebake: 110 ºC – 5 min 
 
 Mask: EDGE BEAD MASK 
 Exposure: Aligner C – 4 min 
 Develop: AZ 421K – 60 s 
 Swab edges using acetone 
 
 Mask: FLUORESCENCE DETECTORS 
   TOP METAL / FAN METAL 
 Exposure: Aligner C – 1.5 min 
 Develop: AZ 421K – 40 s 
 
__ Oxygen Descum O2 plasma: 300 W – 3 min 
 DI rinse: 30 s 
 N2 dry 
 
__ Metallization 150 Å Ti / 4000 Å Au 
 
__ Lift Off Soak in acetone: 40 ºC – 10 min 
 Acetone squirt gun 
 
 
 
 
9. Sample Thinning 
 
__ Mounting Heat male plug on Cimorec hot plate to 450 ºC (setting 7) 
 Coat top of plug with wax 
 Remove plug from hot plate with tongs 
 Place samples face down on plug (put weights on sample) 
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 When plug has cooled, remove weights 
 Clean wax of plug using clean room wipe and acetone 
 Measure thickness of samples, zero thickness 
 
__ Lapping Place a heap of lapping powder onto glass plate 
 Add a little bit of water to the powder 
 Make 25 figure-eights with the male plug 
 Repeat four times, turning the sample 90º each time 
 Clean sample and measure thickness 
 Repeat lapping steps until thickness is ~7 mil 
 
__ Polishing Place a heap of polishing powder onto polishing plate 
 Add a little bit of water and bleach to the powder 
 Make 25 figure-eights with the male plug 
 Repeat four times, turning the sample 90º each time 
 Clean sample and inspect backside 
 Repeat polishing steps until backside looks shiny 
 
__ Remove Samples Place male plug on Cimorec hot plate (350 ºC) 
 Remove plug from hot plate with tongs 
 Gently push sample onto cleanwipe soaked in acetone 
 Place sample in acetone beaker at 90 ºC for 10 min 
 Replace acetone and soak sample at 90 ºC for 10 min 
 Place sample in methanol beaker at 90 ºC for 5 min 
 Place sample in isopropanol beaker at 90 ºC for 5 min 
 N2 dry sample 
 
 
 
 
10. Backside Metal Deposition (n-type metal) 
 
__ Metallization Acetone / Iso / DI / Iso / N2 dry 
 400 Å AuGe / 200 Å Ni / 1500 Å Au 
 
 
 
 
11. Annealing of Contacts 
 
__ RTA Place sample face down on GaAs wafer 
 Anneal at ~400 ºC for 45 s 
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12. Cleave Detector Dies 
 
__ Cleave Nick top side of sample using tungsten scribe 
 Place sample face down on vinyl mouse pad 
 Apply slight pressure using carbon fiber tip tweezer 
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APPENDIX C 
 
FLUIDIC CHANNEL PROCESS FOLLOWER 
 
 
1. SU-8 Photo Lithography 
 
__ Clean Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 O2 plasma: 300 W – 10 min 
 Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 
__ Photo Lithography HMDS 
 Cover whole wafer with thick coat of SU-8 resist 
 Remove any air bubbles with pipette 
 SU-8 2075 spread: 300 rpm – 10 s 
 SU-8 2075 spin: 2000 rpm – 30 s 
 Use leveled hotplate 
 Prebake: 90 ºC – 35 min  (ramp 2 ºC/min) 
 
 Cover whole wafer with thick coat of SU-8 resist 
 SU-8 2075 spread: 300 rpm – 10 s 
 SU-8 2075 spin: 2000 rpm – 30 s 
 Use leveled hotplate 
 Prebake: 90 ºC – 80 min  (ramp 2 ºC/min) 
 
 Mask: MICROFLUIDIC CHANNELS 
  FIBER CHANNELS 
 Exposure: Quintel Mask Aligner – 40 s 
 Use leveled hotplate 
 Post-exposure bake: 65 ºC – 5 min 
 Post-exposure bake: 95 ºC – 15 min  (ramp 2 ºC/min) 
 Develop: SU-8 Developer – 18 min  (strong agitation) 
 Soak in fresh SU-8 developer for 25 s 
 Spray with IPA (using a squirt bottle) for 10 s 
 N2 dry 
 
__ Inspection Check PR pattern under optical microscope 
 Alphastep PR pattern (expected thickness >200 µm) 
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2. Silanization 
 
__ SiCl3 Treatment Add a few droplets of (Heptadecafluoro-1,1,2,3,- 
 Tetrahydrooctyl)-1-Trichlorosilane to a petri dish 
 Place petri dish and SU-8 master in vacuum desiccator 
 Filter evacuated gas using potassium hydroxide pellets 
 Silanization time: >4 hr 
 
 
 
 
3. PDMS Casting 
 
__ PDMS Mixing Sylgard 184® from Dow Corning 
 Pre-polymer and cross-linker: 10:1 (by weight) 
 Thoroughly mix pre-polymer and cross-linker 
 Degas PDMS in vacuum desiccator: 20 min 
 
__ PDMS Curing Place silicon wafer containing SU-8 pattern in petri dish 
 Secure wafer using double sided tape 
 Carefully pour PDMS mixture over SU-8 pattern 
 Cure PDMS in leveled oven: 70 ºC – 2 hr 
 
__ PDMS Cutting Carefully cut out PDMS slab using sharp scalpel 
 Plunge inlet and outlet ports using sharp needle 
 Wrap PDMS slab in Scotch tape to protect against dust 
 
 
 
 
  
163 
APPENDIX D 
 
SILICON INTEGRATION PROCESS FOLLOWER 
 
 
1. Dicing of 4″ Silicon Wafer 
 
__ Dicing Saw Draw cutting marks using permanent marker 
 Align blade to cutting marks and cut top side of wafer 
 Break wafer along cutting lines 
 
 
 
 
2. ICP Bosch Etching of Trenches and Pockets 
 
__ Clean Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 
__ Photo Lithography HMDS 
 AZ 9260 spread: 500 rpm – 3 s 
 AZ 9260 spin: 5000 rpm – 30 s 
 Prebake: 110 ºC – 5 min 
 Swab edges using acetone 
 
 Mask: SILICON TRENCHES / INTEGRATION 
  SILICON ETCH LEVEL 
 Exposure: Aligner C – 1.5 min 
 Develop: AZ 421K – 40 s 
 
__ Oxygen Descum O2 plasma: 300 W – 3 min 
 DI rinse: 30 s 
 N2 dry 
 
__ PR Touch up Cover sample edges with PR using clean room swab 
 Hard bake: 110 ºC – 2 min 
 
__ STS ICP Attach samples to alumina carrier wafer using grease 
 Select etching recipe: Matz_2 
 Time: 55 min 
 Etch depth: ~180 µm (etch rate ~3.3 µm/min) 
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3. Thermal Oxidation 
 
__ Clean Acetone squirt gun 
 Acetone / Iso / DI / Iso / N2 dry 
 
__ Oxygen Descum O2 plasma: 300 W – 3 min 
 Acetone / Iso / DI / Iso / N2 dry 
 
__ Oxidation Tube Open O2-valve 
 Temperature: 1150 ºC 
 Time: 2 hr 
 
 
 
 
4. Coupon Metal Deposition 
 
__ Clean Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 
__ Photo Lithography HMDS 
 AZ 9260 spread: 500 rpm – 3 s 
 AZ 9260 spin: 5000 rpm – 30 s 
 Prebake: 110 ºC – 5 min 
 Swab edges using acetone 
 
 Mask: SILICON TRENCHES / INTEGRATION 
  GND METAL LEVEL 
 Exposure: Aligner C – 1.5 min 
 Develop: AZ 421K – 40 s 
 
__ Oxygen Descum O2 plasma: 300 W – 3 min 
 DI rinse: 30 s 
 N2 dry 
 
__ PR Touch up Cover sample edges with PR using clean room swab 
 Hard bake: 110 ºC – 2 min 
 
__ Metallization 150 Å Ti / 3000 Å Au 
 
__ Lift Off Soak in acetone: 40 ºC – 10 min 
 Acetone squirt gun 
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5. Hybrid Integration of VCSEL-, VCSEL/PIN-, or Detector Dies 
 
__ Clean Acetone / Iso / DI / Iso / N2 dry 
 Dehydration bake (125 ºC for 3 min) 
 
__ Die Attachment EPO-TEK H20E from Epoxy Technology 
 Mix two-part conductive silver epoxy: 1:1 (by volume) 
 Place small droplets of epoxy mixture in silicon pocket 
 Use pick and place tool to position die in silicon pocket 
 
 Hotplate cure: 175 ºC – 45 s, 150 ºC – 5 min, 
  120 ºC – 15 min, 90 ºC – 3 hr 
 
 
 
 
6. Trench Planarization 
 
__ Clean N2 dry 
 
__ Photo Lithography Apply thick coat of NR9-8000 
 NR9-8000 spread: 300 rpm – 3 s 
 NR9-8000 spin: 750 rpm – 40 s 
 Swab edges and backside using acetone 
 1st soft bake in oven: 100 ºC – 15 min (recipe 0) 
 2nd soft bake on hotplate: 150 ºC – 2 min 
 
 Mask: SILICON TRENCHES / INTEGRATION 
  PLANARIZATION LEVEL 
 Exposure: Aligner C – 1.9 min 
 Post exposure bake: 90 ºC – 5 min 
 Develop: RD 6 – 1 min + 50 s 
 DI rinse: 30 s 
 N2 dry 
 Hard bake in oven: 150 ºC – 8 hr (recipe 2) 
 
 
 
 
7. Connection of Top Contact 
 
__ Clean N2 dry 
 
__ Die Connection EPO-TEK H20E from Epoxy Technology 
 Mix two-part conductive silver epoxy: 1:1 (by volume) 
 Dispense silver epoxy using probe tip on micro 
 positioning stage to connect top contacts 
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 Hotplate cure: 175 ºC – 45 s, 150 ºC – 5 min, 
  120 ºC – 15 min, 90 ºC – 3 hr 
 
 
 
 
8. PDMS Encapsulation and Planarization 
 
__ Clean N2 dry 
 
__ PDMS Mixing Sylgard 184® from Dow Corning 
 Pre-polymer and cross-linker: 10:1 (by weight) 
 Thoroughly mix pre-polymer and cross-linker 
 Degas PDMS in vacuum desiccator: 20 min 
 
__ PDMS Curing Pour small amount of PDMS on hybrid sample 
 Place silanized silicon wafer on top of hybrid sample 
 Cure PDMS in oven: 70 ºC – 2 hr 
 Remove silanized wafer 
 Cut off excess PDMS with sharp scalpel 
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